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posure	 and	 the	 formation	of	pleural	plaques,	
increased	prevalence	of	respiratory	symptoms	






rent	 or	 former	 cigarette	 smokers	 indicate	 an	













ship	 Program	 (PSP),	 which	was	 endorsed	 by	






tration	 could	 be	 achieved	 in	most	 industries	
that	manufactured	or	used	RCFs.	At	this	time,	
the	 available	 health	 data	 do	 not	 provide	 suf-
ficient	evidence	 for	deriving	a	precise	health-
based	 occupational	 exposure	 limit	 to	 protect	
The	National	Institute	for	Occupational	Safety	
and	Health	(NIOSH)	has	reviewed	data	char-
acterizing	 occupational	 exposure	 to	 airborne	
refractory	ceramic	fibers	(RCFs)	and	informa-








In	 chronic	 animal	 inhalation	 studies,	 expo-
sure	to	RCFs	produced	an	increased	incidence	
of	mesotheliomas	 in	hamsters	 [McConnell	 et	








rats	 and	 hamsters	 following	 intrapleural	 and	
intraperitoneal	 implantation	 of	 RCFs	 pro-
vided	additional	evidence	for	the	carcinogenic	
potential	 of	RCFs	 [Wagner	 et	 al.	 1973;	Davis	
et	al.	1984;	Smith	et	al.	1987;	Pott	et	al.	1987].	
Lung	 tumors	have	 also	been	observed	 in	 rats	
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against	 lung	 cancer.	 However,	 given	 what	 is	
known	 from	 the	 animal	 and	 epidemiological	
data,	 NIOSH	 supports	 the	 intent	 of	 the	 PSP	




Keeping	 exposures	below	 the	REL	 should	 re-







The	 risk	 for	mesothelioma	 at	 0.5	 f/cm3	 is	 not	







in	 the	hamster	data,	 the	 risk	of	mesothelioma	
cannot	be	quantified.	However,	the	fact	that	no	
mesothelioma	has	been	 found	 in	workers	 and	
that	pleural	plaques	appear	 to	be	 less	 likely	 in	
workers	with	lower	exposures	suggests	a	 lower	
risk	for	mesothelioma	at	the	REL.	
Because	 residual	 risks	 of	 cancer	 (lung	 cancer	
and	pleural	mesothelioma)	and	irritation	may	
still	 exist	 at	 the	REL,	NIOSH	 further	 recom-








low	 the	REL	 requires	 a	 comprehensive	 safety	





wise	 promoted	 these	 actions	 by	 establishing	
the	PSP.	NIOSH	believes	that	maintaining	ex-
posures	 below	 the	REL	 is	 achievable	 at	most	
manufacturing	operations	and	many	user	ap-












hensive	 safety	 and	health	program,	 including	
hazard	communication,	respiratory	protection	
programs,	 smoking	 cessation,	 and	 medical	




Refractory Ceramic Fibers vii
Contents
Foreword 	. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 	 iii	
Executive	Summary	. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 	 v	
Abbreviations	. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 	 xi	
Glossary	. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 	 xiv	
Acknowledgments	. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 	 xvii
1  Recommendations for a Refractory Ceramic Fiber (RCF) Standard   .  .  .  1
1.1		Recommended	Exposure	Limit	(REL) 	. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 	 1	
1.2		Definitions	and	Characteristics.	. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 	 1
1.2.1		Naturally	Occurring	Mineral	Fibers	. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 	 1	
1.2.2		RCFs	. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 	 2	
1.2.3		SVFs	. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 	 2
1.3		Sampling	and	Analysis 	. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 	 2	
1.4		Exposure	Monitoring	. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 	 2
1.4.1		Sampling	Surveys	. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 	 3	
1.4.2		Action	Level	. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 	 3
1.5		Hazard	Communication.	. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 	 4	
1.6		Training 	. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 	 4	
1.7		Product	Formulation 	. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 	 4	
1.8		Engineering	Controls	and	Work	Practices 	. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 	 5
1.8.1		Engineering	Controls	. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 	 5	
1.8.2		Work	Practices.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	 	 5
1.9		Respiratory	Protection	. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 	 6
1.9.1		Respiratory	Proctection	Program	. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 	 6	
1.9.2		Respirator	Selection	. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 	 7
1.10		Sanitation	and	Hygiene	. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 	 7	
1.11		Medical	Monitoring 	. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 	 8
1.11.1		Oversight	of	the	Program 	. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 	 9	
1.11.2		Elements	of	the	Medical	Monitoring	Program 	. . . . . . . . . . . . . . . . . . . . . . 	 9
1.12		Labeling	and	Posting	. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 	 11	
1.13		Smoking	Cessation	. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 	 12
2  Background and Description of RCFs  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  13
2.1		Scope.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	 	 13	
viii	 Refractory Ceramic Fibers
Contents
2.2		Background	. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 	 13	
2.3		Chemical	and	Physical	Properties	of	RCFs. 	. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 	 13
2.3.1		Fiber	Dimensions	. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 	 14	
2.3.2		Fiber	Durability 	. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 	 16
3  RCF Production and Potential for Worker Exposure  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  18
3.1		Production	. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 	 18	
3.2		Potential	for	Worker	Exposure	. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 	 18	
3.3		RCF	Manufacturing	Process	. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 	 18	
3.4		RCF	Products	and	Uses	. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 	 20
3.4.1		Examples	of	Products	. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 	 20	
3.4.2		Examples	of	Applications	. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 	 21
4  Assessing Occupational Exposure  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  22
4.1		Air	Sampling	and	Analytical	Methods	. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 	 22	
4.2		Sampling	for	Airborne	Fibers	. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 	 22
4.2.1		NIOSH	Fiber-Counting	Rules	. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 	 22	
4.2.2		European	Fiber-Counting	Rules	. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 	 23
4.3		Sampling	for	Total	or	Respirable	Particulates	. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 	 23	
4.4		Sampling	for	Airborne	Silica 	. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 	 24	
4.5		Industrial	Hygiene	Surveys	and	Exposure	Assessments	. . . . . . . . . . . . . . . . . . . . . . 	 24
4.5.1		University	of	Pittsburgh	Survey	of	Exposures	During	RCF	Manufacturing	 	 25	
4.5.2		University	of	Cincinnati	Study	of	Exposures	During	RCF	Manufacturing	. 	 25	
4.5.3		RCFC/EPA	Consent	Agreement	Monitoring	Data 	. . . . . . . . . . . . . . . . . . . . 	 26	
4.5.4		Exposures	During	Installation	and	Removal	of	RCF	Furnace	Insulation	. . 	 31	
4.5.5		International	(Canadian,	Swedish,	and	Australian)	Surveys	
														of	RCF	Exposure	. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 	 33	
4.5.6		Johns	Hopkins	University	Industrial	Hygiene	Surveys	. . . . . . . . . . . . . . . . . 	 34	
4.5.7		NIOSH	HHEs	and	Additional	Sources	of	RCF	Exposure	Data	. . . . . . . . . . 	 34	
4.5.8		Discussion	. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 	 37
5  Effects of Exposure  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  38
5.1		Health	Effects	in	Animals	(In	Vivo	Studies)	. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 	 38
5.1.1		Intrapleural,	Intraperitoneal,	and	Intratracheal	Studies	. . . . . . . . . . . . . . . . 	 38	
5.1.2		Chronic	Inhalation	Studies 	. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 	 42	
5.1.3		Discussion	of	RCF	Studies	in	Animals	. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 	 53	
5.1.4		Lung	Overload	Argument	Regarding	Inhalation	Studies	in	Animals 	. . . . . 	 56
5.2		Cellular	and	Molecular	Effects	of	RCFs	(In	Vitro	Studies)	. . . . . . . . . . . . . . . . . . . 	 58	
5.3		Health	Effects	in	Humans	. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 	 60
5.3.1		Morbidity	and	Mortality	Studies	. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 	 60	
5.3.2		Radiographic	Analyses	. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 	 62	
Refractory Ceramic Fibers	 ix
Contents
5.3.3		Respiratory	Conditions	and	Symptom	Analyses	. . . . . . . . . . . . . . . . . . . . . . 	 76	
5.3.4		Pulmonary	Function	Testing	. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 	 77	
5.3.5		Mortality	Studies 	. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 	 78	
5.3.6		NIOSH	HHEs	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	 	 80	
5.3.7		Discussion	. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 	 81
5.4		Carcinogenicity	Risk	Assessment	Analyses	. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 	 83
5.4.1		DECOS	[1995] 	. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 	 83	
5.4.2		Fayerweather	et	al.	[1997].	. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 	 85	
5.4.3		Moolgavkar	et	al.	[1999] 	. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 	 85	
5.4.4		Discussion	. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 	 87
6  Discussion and Summary of Fiber Toxicity  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  89
6.1		Significance	of	Studies	with	RCFs	. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 	 89	
6.2		Factors	Affecting	Fiber	Toxicity	. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 	 90
6.2.1		Fiber	Dose	. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 	 91	
6.2.2		Fiber	Dimensions	. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 	 91	
6.2.3		Fiber	Durability 	. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 	 93
6.3		Summary	of	RCF	Toxicity	and	Exposure	Data	. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 	 94
7  Existing Standards and Recommendations   .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  96
8  Basis for the Recommended Standard  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  99
8.1		Background	. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 	 99	
8.2		Rationale	for	the	REL	. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 	 100
8.2.1		Carcinogenesis	in	Animal	Studies	. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 	 101	
8.2.2		Health	Effects	Studies	of	Workers	Exposed	to	RCFs	. . . . . . . . . . . . . . . . . . . 	 106	
8.2.3		Carcinogenic	Risk	in	Humans	. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 	 107	
8.2.4		Controlling	RCF	Exposures	in	the	Workplace	. . . . . . . . . . . . . . . . . . . . . . . . 	 109
8.3		Summary	. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 	 109
9  Guidelines for Protecting Worker Health  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  113
9.1		Informing	Workers	about	Hazards 	. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 	 113
9.1.1		Safety	and	Health	Training	Program 	. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 	 113	
9.1.2		Labeling	and	Posting 	. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 	 113
9.2		Hazard	Prevention	and	Control	. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 	 114
9.2.1		Engineering	Controls	. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 	 114	
9.2.2		Product	Reformulation 	. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 	 117	
9.2.3		Work	Practices	and	Hygiene		. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 	 117	
9.2.4		Personal	Protective	Equipment	. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 	 118	
9.2.5		Respiratory	Protection	. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 	 118
9.3		Exposure	Monitoring	. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 	 119
x	 Refractory Ceramic Fibers
Contents
9.3.1		Workplace	Exposure	Monitoring	Program 	. . . . . . . . . . . . . . . . . . . . . . . . . . 	 119	
9.3.2		Action	Level	. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 	 121	
9.3.3		Sampling	Strategies 	. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 	 121
9.4		Medical	Monitoring 	. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 	 122	
9.4.1		Objectives	of	Medical	Monitoring 	. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 	 122	
9.4.2		Criteria	for	Medical	Screening	. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 	 122	
9.4.3		Worker	Participation		. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 	 123	
9.4.4		Medical	Monitoring	Program	Director 	. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 	 123	
9.4.5		Recommended	Program	Elements		. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 	 124	 	
9.4.6		Written	Reports	to	the	Worker 	. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 	 126	
9.4.7		Written	Reports	to	the	Employer		. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 	 127	
9.4.8		Employer	Actions	. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 	 127
9.5		Surveillance	of	Health	Outcomes 	. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 	 127	
9.6		Smoking	Cessation	. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 	 128
10  Research Needs  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  129
References  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  131
Appendices
A.	Air	Sampling	Methods.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	 	 147	
B.	Functional	Job	Categories	for	RCF	Workers	. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 	 179	
C.	Cellular	and	Molecular	Effects	of	RCFs	(In	Vitro	Studies) 	. . . . . . . . . . . . . . . . . . . . 	 183






























































































































































































■	 NIOSH “A” rules—any	particle	>5	µm	long	with	an	aspect	ratio	(length	to	width)	greater	
than	3:1	is	considered	a	fiber.
■	 NIOSH “B” rules—any	particle	>5	µm	long	with	an	aspect	ratio	equal	to	or	greater	than	5:1	
and	a	diameter	<3	µm	is	considered	a	fiber.	
■	 World Health Organization (WHO) reference method for man-made mineral fiber—any	
particle	>5	µm	long	with	an	aspect	ratio	equal	to	or	greater	than	3:1	and	a	diameter	<3	µm	is	
considered	a	fiber.
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1 Recommendations for a Refractory Ceramic Fiber (RCF) Standard
mesothelioma,	 and	 other	 adverse	 respiratory	









ishing	 operations	 and	 during	 the	 installation	
and	removal	of	RCF	products,	when	the	nature	
of	 job	activities	presents	a	challenge	to	meet-
ing	 the	REL.	For	 these	operations,	 additional	




ers	 in	 RCF	 industry	 sectors	 where	 airborne	
RCF	 concentrations	 exceed	 the	 REL.	NIOSH	
urges	employers	 to	disseminate	 this	 informa-
tion	to	workers	and	customers,	and	RCF	man-
ufacturers	 should	 convey	 this	 information	 to	
downstream	users.	NIOSH	 also	 requests	 that	
professional	 and	 trade	 associations	 and	 labor	
organizations	inform	their	members	about	the	
hazards	of	exposure	to	RCFs.
1.2  Definitions and 
 Characteristics
1.2.1 Naturally Occurring Mineral Fibers
Many	types	of	mineral	fibers	occur	naturally.	
Asbestos	 is	 the	 most	 prominent	 of	 these	 fi-
bers	because	of	its	industrial	application.	The	
The	National	Institute	for	Occupational	Safety	
and	Health	 (NIOSH)	 recommends	 that	 expo-
sure	to	airborne	refractory	ceramic	fibers	(RCFs)	
be	controlled	in	the	workplace	by	implementing	








cancer)	 in	 workers	 with	 exposure	 to	 airborne	
RCFs.	 Preventive	 efforts	 are	 primarily	 focused	
on	 controlling	 and	minimizing	 airborne	 fiber	
concentrations	 to	which	workers	 are	 exposed.	
Exposure	monitoring,	hazard	communication,	
training,	 respiratory	protection	programs,	 and	
medical	 monitoring	 are	 also	 important	 ele-
ments	of	a	comprehensive	program	to	protect	
the	health	of	workers	 exposed	 to	RCFs.	These	
elements	 are	 described	 briefly	 in	 this	 chapter	
and	in	greater	detail	in	Chapter	9.









This	 recommended	 exposure	 limit	 (REL)	 is	
intended	 to	 reduce	 the	 risk	 of	 lung	 cancer,	
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asbestos	minerals	include	both	the	serpentine	
asbestos	(chrysotile)	and	the	amphibole	min-
eral	 fibers,	 including	 actinolite,	 amosite,	 an-
thophyllite,	 crocidolite,	 and	 tremolite	 [Peters	
and	 Peters	 1980].	 Since	 ancient	 times,	 min-
eral	fibers	have	been	mined	and	processed	for	
use	as	insulation	because	of	their	high	tensile	
strength,	 resistance	 to	 heat,	 durability	 in	 ac-
ids	and	other	chemicals,	and	light	weight.	The	
predominant	 forms	 of	 asbestos	 mined	 and	
used	 today	are	 chrysotile	 (~95%),	 crocidolite	
(<5%),	and	amosite	(<1%).	
For	 the	purposes	of	 this	document,	naturally	





ical	 stresses,	 thereby	 producing	 more	 fibers	
of	decreasing	diameter.	By	 contrast,	 SVFs	are	
amorphous	and	fracture	transversely,	resulting	









synthetic	 fibers	 produced	 from	 the	 melting	














amounts.	 Like	 the	 naturally	 occurring	 min-
eral	 fibers,	RCFs	possess	 the	desired	qualities	
of	 heat	 resistance,	 tensile	 strength,	 durability,	















1.3 Sampling and Analysis
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—	evaluate	a	worker’s	exposure	to	RCFs,
—	assess	the	effectiveness	of	engineering	
controls,	 work	 practices,	 and	 other	
factors	 in	 controlling	 airborne	 fiber	
concentrations,	and	
—	identify	 work	 areas	 or	 job	 tasks	 in	
which	worker	exposures	are	routinely	
high	 and	 thus	 require	 additional	 ef-
forts	to	reduce	them.







workers	 are	 potentially	 exposed	 to	 airborne	
RCFs,	employers	shall	conduct	exposure	mon-
itoring	surveys	as	follows:
■	 Collect	 representative	 personal	 samples	
over	the	entire	work	shift	[NIOSH	1997a].
■	 Perform	 periodic	 sampling	 at	 least	 an-
nually	 and	whenever	 any	major	process	
change	takes	place	or	whenever	another	
reason	 exists	 to	 suspect	 that	 exposure	
concentrations	may	have	changed.
■	 Collect	 all	 routine	 personal	 samples	 in	
the	breathing	zones	of	the	workers.	
■	 If	workers	are	exposed	to	concentrations	
above	 the	 REL,	 perform	more	 frequent	
exposure	 monitoring	 as	 engineering	
changes	 are	 implemented	 and	 until	 at	













RCF	 exposures	 are	 below	 the	REL,	 a	 focused	
sampling	strategy	may	be	more	practical	than	
a	random	sampling	approach.	A	focused	sam-




sures	 above	 the	REL	 if	maximum-risk	work-
ers	and	time	periods	are	accurately	identified.	
Short	 tasks	 involving	 high	 concentrations	 of	







strategies,	 representative	 workers	 are	 selected	
for	 sampling	 and	 are	 grouped	 according	 to	












shall	 be	 used	 to	 determine	 when	 additional	
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be	 approaching	 the	 REL.	 	When	 air	 samples	
contain	concentrations	at	or	above	the	AL,	the	











of	 an	 occupational	 standard	 in	 NIOSH	 crite-
ria	 documents	 and	 comprehensive	 standards	
promulgated	 by	 the	 Occupational	 Safety	 and	





■	 Establish	 a	 safety	 and	 health	 training	




■	 Inform	 employees	 and	 contract	 work-
ers	 about	hazardous	 substances	 in	 their	
work	areas.
■	 Instruct	workers	about	how	to	get	infor-
mation	 from	material	 safety	data	 sheets	
(MSDSs)	for	RCFs	and	other	chemicals.
■	 Provide	 MSDSs	 onsite	 and	 make	 them	
easily	accessible.
■	 Inform	 workers	 about	 adverse	 respira-








■	Make	 workers	 who	 smoke	 cigarettes	
or	 use	 other	 tobacco	products	 aware	 of	










■	 Inform	 workers	 about	 practices	 or	 op-









One	 factor	 recognized	 as	 contributing	 to	 the	
toxicity	 of	 an	 inhaled	 fiber	 is	 its	 durability	
and	 resistance	 to	 degradation	 in	 the	 respira-
tory	tract.	Chemical	characteristics	place	RCFs	
among	the	most	durable	SVFs.	As	a	result,	an	
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inhaled	RCF	that	is	deposited	in	the	alveolar	re-
gion	of	the	lung	will	persist	longer	in	the	lungs	
than	 a	 less	 durable	 fiber.	 Therefore,	 NIOSH	
recommends	 substituting	 a	 less	 durable	 fiber	








undergo	 industry-sponsored	 testing	 before	
their	selection	and	commercial	use	to	exclude	
possible	adverse	health	effects	from	exposure.	
1.8  Engineering Controls 
and Work Practices




the	 manufacture,	 use,	 handling,	 installation,	




tion	 systems	 at	 or	 near	 dust-generating	
systems
—	Band	saws	used	in	RCF	manufactur-
ing	 and	 finishing	 operations	 have	
been	 fitted	 with	 such	 engineering	
controls	 to	 capture	 fibers	 and	 dust	





reduce	 airborne	 RCF	 concentrations	
during	the	sanding	of	vacuum-formed	
RCF	products	[Dunn	et	al.	2004].
■	 Enclosed	 processes	 used	 during	 manu-
facturing	 to	 keep	 airborne	 fibers	 con-
tained	and	separated	from	workers	
■	Water	 knives,	 which	 are	 high-pressure	
water	jets	that	effectively	cut	and	trim	the	
edges	of	RCF	blanket	while	 suppressing	
dust	 and	 limiting	 the	generation	of	 air-
borne	fibers	











borne	 fibers,	 but	 they	 often	 require	




by	 hand	 tools	may	 also	 increase	 the	
rate	and	depth	of	breathing	and	con-
sequently	 affect	 the	 inhalation	 rate	
and	deposition	of	fibers	in	the	lungs.	
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■	Use	 wet	 sweeping	 to	 suppress	 airborne	





becoming	 airborne.	 (However,	 use cau-
tion when dampening refractory linings 
during installation,	since	water	can	dam-






■	 Ensure	 that	 workers	 wear	 long-sleeved	
clothing,	gloves,	and	eye	protection	when	
performing	 potentially	 dusty	 activities	
involving	 RCFs	 or	 RCF	 products.	 For	
some	 activities,	 disposable	 clothing	 or	
coveralls	may	be	preferred.
1.9 Respiratory Protection
Respirators	 shall	 be	 used	 while	 performing	











Use	 respirators	 when	 available	 engineering	
controls	and	work	practices	do	not	adequately	






1.9.1 Respiratory Protection Program
When	 respiratory	 protection	 is	 needed,	 em-
ployers	 shall	 establish	a	comprehensive	respi-
ratory	protection	program	as	described	in	the	










■	 Routine-use	 procedures	 and	 emergency	
respirator-use	procedures
■	 Procedures	 and	 schedules	 for	 cleaning,	
disinfecting,	storing,	inspecting,	repairing,	
discarding,	and	maintaining	respirators
■	 Procedures	 for	 ensuring	 adequate	 air	
quality	for	supplied-air	respirators
■	 Training	in	respiratory	hazards




voluntarily	 wear	 respirators	 (excluding	
filtering	facepieces	known	as	dust	masks)	
*Code of Federal Regulations.		See	CFR	in	references.
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comply	with	the	medical	evaluation	and	







place	 that	 affect	 respirator	 use.	 In	 addition,	








■	 Select,	 at	 a	minimum,	 a	 half-mask,	 air-
purifying	respirator	equipped	with	a	100	




prevent	 facial	 or	 eye	 irritation	 from	
RCF	 exposure	 by	 using	 a	 full-facepiece,	
air-purifying	 respirator	 equipped	 with	
a	 100-series	 filter;	 or	 use	 any	 powered,	
air-purifying	respirator	equipped	with	a	
tight-fitting	facepiece	(full-facepiece).
■	 Consider	 providing	 a	 supplied-air	 res-
pirator	with	a	 full	 facepiece	 for	workers	
who	remove	after-service	RCF	insulation	
(e.g.,	 furnace	 insulation)	 and	 are	 there-
fore	 exposed	 to	 high	 and	unpredictable	





■	 Always	 perform	 a	 comprehensive	 as-
sessment	of	workplace	exposures	 to	de-










at	 www.osha.gov.	 Additional	 information	 is	
also	 available	 from	 the	NIOSH Respirator Se-
lection Logic	[NIOSH	2004],	the	NIOSH Guide 
to Industrial Respiratory Protection	 [NIOSH	
1987b],	and	the	NIOSH Guide to the Selection 
and Use of Particulate Respirators Certified un-
der 42 CFR 84	[NIOSH	1996].






■	 Provide	 showering	 and	 changing	 areas	
free	 from	contamination	where	workers	
can	 store	work	 clothes	 and	 change	 into	
street	 clothes	 before	 leaving	 the	 work	
site.	
■	 Provide	 services	 for	 laundering	 work	
clothes	so	that	workers	do	not	take	con-
taminated	clothes	home.
■	 Protect	 laundry	 workers	 handling	 RCF-
contaminated	clothes	from	airborne	con-
centrations	that	are	above	the	REL.	
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as	 needed	 to	 avoid	 irritation	 caused	 by	
frequent	washing.





■	Do	not	use	 compressed	air	 to	 clean	 the	
work	area	or	clothing	and	do	not	shake	
clothing	to	remove	dust.	These	processes	
will	 create	 a	 greater	 respiratory	 hazard	
with	airborne	dust	and	fibers.	
■	Do	not	wear	work	 clothes	or	protective	
equipment	 home.	 Change	 into	 clean	
clothes	before	leaving	the	work	site.
1.11 Medical Monitoring
Medical	 monitoring	 (in	 combination	 with	
resulting	 intervention	 strategies)	 represents	
secondary	prevention	and	 should	not	 replace	
primary	prevention	efforts	to	control	airborne	
fiber	 concentrations	 and	 worker	 exposures	
to	 RCFs.	However,	 compliance	with	 the	 REL	
for	RCFs	 (0.5	 f/cm3)	does	not	 guarantee	 that	
all	workers	will	be	free	from	the	risk	of	RCF-
induced	 respiratory	 irritation	 or	 respiratory	
health	 effects.	 Therefore,	medical	monitoring	
is	 especially	 important,	 and	 employers	 shall	
establish	a	medical	monitoring	program	as	fol-
lows:
■	 Collect	 baseline	 data	 for	 all	 employees	
before	they	begin	work	with	RCFs.
■	 Continue	 periodic	 medical	 screening	
throughout	their	lifetime.	
■	Use	medical	surveillance,	which	involves	
the	 aggregate	 collection	 and	 analysis	 of	




■	 Include	 all	 workers	 potentially	 exposed	
to	 RCFs	 (in	 both	 manufacturing	 and	




health	benefits	of	 the	program,	 and	 the	
procedures	involved.	
■	 Include	 the	 following	 workers	 (who	
could	 receive	 the	 greatest	 benefits	 from	
medical	screening)	in	the	medical	moni-
toring	program:	
—	Workers	 exposed	 to	 elevated	 fiber	
concentrations	 (e.g.,	 all	 workers	 ex-
posed	 to	 airborne	 fiber	 concentra-
tions	above	 the	AL	of	0.25	F/cm3,	as	
described	in	Section	9.3)




spiratory	 changes	 apparently	 related	
to	RCF	exposure
—	Workers	 who	may	 have	 been	 previ-
ously	 exposed	 to	 asbestos	 or	 other	
recognized	 occupational	 respiratory	
hazards	 that	 place	 them	 at	 an	 in-
creased	risk	of	respiratory	disease		
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1.11.1 Oversight of the Program






■	 Administering	 and	managing	 a	medical	
monitoring	 program	 for	 occupational	
hazards
■	 Establishing	 a	 respiratory	 protection	
program	based	 on	 an	understanding	 of	
requirements	 of	 the	 OSHA	 respiratory	
protection	 standard	 and	 types	 of	 respi-
ratory	protection	devices	available	at	the	
workplace
■	 Identifying	 and	 managing	 work-related	
respiratory	effects	or	illnesses
■	 Identifying	 and	 managing	 work-related	
skin	diseases
1.11.2 Elements of the Medical 
Monitoring Program 
Include	 the	 following	 elements	 in	 a	 medical	
monitoring	 program	 for	 workers	 exposed	 to	
RCFs:	(1)	an	initial	medical	examination,	(2)	pe-
riodic	medical	examinations	at	regularly	sched-





These	 elements	 are	described	 in	 the	 following	
subsections.	




■	 A	 physical	 examination	 of	 all	 systems	
with	an	emphasis	on	the	respiratory	sys-
tem	and	the	skin







be	 interpreted	 by	 a	 certified	 NIOSH	 B	
Reader	 using	 the	 standard	 International 
Classification of Radiographs of Pneumo-















and	 (3)	 a	 description	 of	 all	 protective	
equipment	the	worker	has	used
1.11.2.2  Periodic examinations
Administer	 periodic	 examinations	 (includ-





monitoring	 program	 director.	 Determine	 the	
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frequency	 of	 the	 periodic	 medical	 examina-
tions	according	to	the	following	guidelines:
■	 For	workers	with	fewer	than	10	years	since	






portant	 on	 initial	 examination	 and	may	 also	
be	appropriate	medical	screening	tests	during	
periodic	 examinations	 for	 detecting	 respira-




the	 benefits	 of	 periodic	 chest	X-rays	warrant	
the	additional	exposure	to	radiation.	
















Provide	 workers	 with	 sufficient	 training	 to	















—	a	medical	 opinion	 in	plain	 language	
about	 any	 medical	 condition	 that	
would	 increase	 the	 worker=s	 risk	 of	
impairment	 from	 exposure	 to	 air-
borne	RCFs,
—	recommendations	 for	 limiting	 the	
worker=s	 exposure	 to	 RCFs	 (which	
may	 include	 the	 use	 of	 appropriate	
PPE,	as	warranted),	and
—	recommendations	 for	 further	 evalu-






—	occupationally	 pertinent	 results	 of	
the	medical	evaluation,




—	recommendations	 for	 limiting	 the	
worker=s	 exposure	 to	 RCFs	 or	 other	
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er	 has	 been	 informed	 about	 the	 re-
sults	of	the	medical	examination	and	
about	 any	medical	 condition(s)	 that	
should	 have	 further	 evaluation	 or	
treatment.	
Findings,	test	results,	or	diagnoses	that	have	no	
bearing	 on	 the	worker=s	 ability	 to	work	with	
RCFs	shall	not	be	included	in	the	report	to	the	
employer.	Safeguards	to	protect	the	confiden-
tiality	 of	 the	 worker=s	 medical	 records	 shall	
be	 enforced	 in	accordance	with	all	 applicable	
regulations	and	guidelines.	
1.11.2.6  Quality assurance
Employers	shall	do	the	following	to	ensure	the	




posure	 restrictions	 for	 RCFs	 and	 other	
workplace	hazards.	
■	 Ensure	that	workers	use	appropriate	PPE	
if	 they	 are	 exposed	 to	 RCF	 concentra-
tions	above	the	REL.	







■	When	 implementing	 job	 reassignments	




gram	 director	 communicates	 regularly	
with	 the	 employer’s	 safety	 and	 health	
personnel	 (e.g.,	 industrial	hygienists)	 to	
identify	work	areas	that	may	require	con-





■	 Periodically	 have	 standardized	 medical	
screening	data	aggregated	and	evaluated	
by	 an	 epidemiologist	 or	 other	 knowl-
edgeable	 person	 to	 identify	 patterns	 of	
worker	health	that	may	be	linked	to	work	
activities	 and	 practices	 requiring	 addi-
tional	primary	preventive	efforts.	
■	 Combine	 routine	 aggregate	 assessments	
of	 medical	 screening	 data	 with	 evalu-
ations	 of	 exposure	 monitoring	 data	 to	
identify	needed	changes	in	work	areas	or	
exposure	conditions.	






areas	 where	 airborne	 concentrations	 of	
RCFs	may	exceed	the	REL.	
■	Depending	 on	 work	 practices	 and	 the	
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ards	 of	 cigarette	 smoking	 and	 exposure	
to	RCFs.
■	 Provide	 assistance	 and	 encouragement	
for	workers	who	want	to	quit	smoking.	
■	 Prohibit	smoking	in	the	workplace.	
■	Disseminate	 information	 about	 health	
promotion	 and	 the	 harmful	 effects	 of	
smoking.
■	Offer	 smoking	 cessation	 programs	 to	
workers	at	no	cost	to	participants.
■	 Encourage	activities	that	promote	physi-
cal	 fitness	 and	 other	 healthy	 lifestyle	




NIOSH	 recommends	 that	 all	 workers	 who	
smoke	 and	 are	 potentially	 exposed	 to	 RCFs	
participate	in	smoking	cessation	programs.
RESPIRATORY PROTECTION 
REQUIRED IN THIS AREA
■	 Print	all	labels	and	warning	signs	in	both	
English	 and	 the	 predominant	 language	
of	workers	who	do	not	read	English.








health	 effects	 induced	 by	RCFs.	 In	 studies	 of	
workers	exposed	to	various	airborne	contami-
nants,	 combined	 exposures	 to	 smoking	 and	
airborne	dust	have	been	shown	to	contribute	
to	 the	 increased	 risk	of	occupational	 respira-
tory	 diseases,	 including	 chronic	 bronchitis,	
emphysema,	 and	 lung	 cancer	 [Morgan	 1994;	
Barnhart	1994].
Refractory Ceramic Fibers 13






background	 for	 studying	 the	health	effects	of	
workplace	 exposures	 to	 RCFs.	 Information	
is	 presented	 about	 the	 physical	 and	 chemical	
properties	 of	 RCFs,	 including	 the	 morphol-
ogy,	dimensions,	 and	durability	of	fibers	 that	
make	 up	 RCF-containing	 products.	 Chapter	










ies	 of	 RCFs,	 focusing	 on	 U.S.	 and	 European	
workers	 in	 the	 RCF	manufacturing	 industry.	
Recent	 quantitative	 risk	 assessments	 of	 RCFs	







REL.	Chapters	 1	 and	 9	 provide	 recommenda-
tions	and	guidelines	for	minimizing	exposures	




















NIOSH	 also	 stated	 that	 until	more	 informa-
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larger	class	of	SVFs,	which	also	includes	fibers	
of	 glass	 wool,	 mineral	 wool,	 slag	 wool,	 and	
specialty	glass.	SVFs	vary	according	to	chemi-
cal	 and	 physical	 properties,	 making	 them	
suitable	 for	 different	 uses.	 Like	 the	 naturally	
occurring	 mineral	 fibers	 defined	 in	 Section	
1.2,	RCFs	possess	desired	qualities	of	heat	re-
sistance,	 tensile	 strength,	durability,	 and	 light	
weight.	 The	 maximum	 end-use	 temperature	
for	RCFs	ranges	 from	approximately	1,050	to	
1,425	oC	(1,920	to	2,600	oF),	depending	on	the	
exact	 chemistry	 of	 the	 fiber.	Unlike	 naturally	
occurring	mineral	fibers,	however,	 SVFs	 such	
as	RCFs	and	fibrous	glass	are	noncrystalline	in	




ture	 along	 the	 longitudinal	 plane	 under	me-
chanical	stresses,	resulting	in	more	fibers	with	
the	same	 length	but	 smaller	diameters.	These	
differences	 in	 morphology	 and	 cleavage	 pat-
terns	suggest	that	work	with	SVFs	is	less	likely	
to	generate	high	concentrations	of	airborne	fi-
bers	 than	work	with	asbestos	 for	 comparable	
operations,	 since	 large-diameter	 fibers	 settle	





















from	 a	 50:50	 mixture	 of	 alumina	 and	 silica	
[IARC	 1988].	 Other	 oxides	 (including	 those	
of	boron,	titanium,	and	zirconium)	are	added	
as	stabilizers	to	alter	the	physical	properties	of	









olin	 fiber;	 RCF2	 is	 an	 alumina/silica/zirconia	
fiber;	 RCF3	 is	 a	 high-purity	 (alumina/silica)	
fiber;	and	RCF4	is	an	after-service	fiber,	charac-
terized	by	devitrification	(i.e.,	formation	of	the	
silica	 polymorph	 cristobalite),	 which	 occurs	
during	 product	 use	 over	 an	 extended	 period	




prepare	 RCF1	 for	 animal	 inhalation	 studies	





particles	 to	 fibers	 in	 RCF1a	 compared	 with	










eter)	 and	 respirable-sized	 fibers	 (<1.3	 μm	 in	
diameter)	 with	 lengths	 up	 to	 200	 μm	 [Tim-
brell	 1982;	 Lippmann	 1990;	 Baron	 1996]	 are	
capable	 of	 reaching	 the	 portion	 of	 the	 respi-
ratory	 system	 below	 the	 larynx.	 Respirable-
sized	fibers	 are	of	biological	 concern	because	
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Table 2–2 . The chemistry of stock RCFs (% oxide)
Oxide component RCF1 RCF2 RCF3 RCF4
Silicon	dioxide	(SiO
2










) 0.97 <0.05 0.16 0.97
Titanium	dioxide	(TiO
2
) 2.05 0.04 0.02 2.05
Zirconium	dioxide	(ZrO
2
) 0.11 15 0.23 0.11
Calcium	oxide	(CaO) 0.07 0.05 0.04 0.07
Magnesium	oxide	(MgO) 0.98 0.01 <0.01 0.08
Sodium	oxide	(Na
2
O) 0.54 <0.3 0.19 0.54
Potassium	oxide	(K
2
O) 0.16 <0.01 <0.01 0.16
Adapted	from	Mast	et	al.	[1995a].
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2  ■		Background and Description of RCFs
RCF-containing	 products)	 range	 from	 0.1	 to	
20	μm,	with	 lengths	ranging	from	5	to	200	μm	
[IARC	1988].	In	bulk	samples	taken	from	three	
RCF	 blanket	 insulation	 products,	 more	 than	
80%	 of	 the	 fibers	 counted	 by	 phase	 contrast	
optical	microscopy	(PCM)	were	<3	μm	in	di-
ameter	[Brown	1992].	This	result	is	consistent	
with	 those	 from	 another	 study	 of	 bulk	 sam-
ples	 of	 RCF	 insulation	 materials	 [Christensen	
et	al.	1993],	which	found	the	fibers	to	have	geo-
metric	 mean	 diameters	 (GM
D
)	 ranging	 from	
1.5	 to	 2.8	μm	(arithmetic	mean	 [AM]	diam-
eter	 range=2.3	 to	 3.9	 μm;	median	 diameter	
range=1.6	to	3.3	μm).
Studies	of	 airborne	fiber	 size	distributions	 in	




approximately	 90%	 of	 airborne	 fibers	 were	
<3	μm	in	diameter,	and	95%	of	airborne	fibers	
were	 <4	 μm	 in	 diameter	 and	 <50	 μm	 long	
[Esmen	 et	 al.	 1979].	 The	 study	 showed	 that	
diameter	and	length	distributions	of	airborne	






)	 of	 13	μm.	Another	 study	 [Lentz	 et	 al.	
1999]	 used	 these	 data	 in	 combination	 with	
monitoring	 data	 from	 two	 additional	 studies	




ameters	 <1	μm	 (n=3,711)	were	measured	 by	
transmission	 electron	microscopy	 (TEM).	Of	
these,	 52%	had	diameters	<0.4	μm,	75%	had	





















bers	 ranged	 from	5	 to	220	μm.	Of	100	fibers	
randomly	 selected	 and	 analyzed	 from	 the	 air	
sample,	87%	were	within	the	thoracic	and	re-
spirable	size	range.	Another	study	of	exposures	












measured	by	 the	 amount	 of	 time	 it	 takes	 for	
the	fiber	to	fragment	mechanically	into	short-
er	fibers	or	dissolve	 in	biological	fluids.	RCFs	
tested	 in	 vitro	with	 a	 solution	 of	 neutral	 pH	




tions	 of	 the	 pulmonary	 interstitial	 fluid.	 By	
comparison,	other	SVFs	(glass	and	slag	wools)	
are	more	soluble,	with	dissolution	rates	in	the	
100s	 of	 ng/cm2	 per	 hr	 [Scholze	 and	Conradt	
1987].	Along	a	 continuum	of	fiber	durability	
Refractory Ceramic Fibers	 17
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3 RCF Production and Potential for Worker Exposure
3.1 Production
RCF	 production	 in	 the	 United	 States	 began	
in	 1942	 on	 an	 experimental	 basis,	 but	RCFs	




















to	 2%	 of	 the	 worldwide	 production	 of	 SVFs	
[RCFC	2004].	RCFs	are	also	produced	in	Mex-
ico,	 Canada,	 Brazil,	 Venezuela,	 South	 Africa,	
Australia,	 Japan,	China,	Korea,	Malaysia,	 Tai-
wan,	 and	 several	 countries	 in	 Europe	 [RCFC	
1996].	 In	 the	United	 States	 and	 Puerto	 Rico,	
the	 primary	 producers	 of	 RCFs	 include	 A.P.	
Green	 Industries	 (Pryor,	 OK),	 Unifrax	 Cor-
poration	 (Niagara	Falls,	NY,	 formerly	Carbo-
rundum),	 Thermal	 Ceramics	 (Augusta,	 GA),	
and	 Vesuvius	 (King	 of	 Prussia,	 PA,	 formerly	
Premier	Refractories	and	Chemicals).	The	lat-







3.2  Potential for Worker 
 Exposure












kaolin	 clay,	 alumina,	 silica,	 and	 zirconia	 in	
a	 batch	house.	The	batch	mix	 is	 then	 trans-




Refractory Ceramic Fibers	 19
3  ■		RCF Production and Potential for Worker Exposure
Fibers are produced
by blowing or spinning
molten materials drained
from furnace.
Bulk fiber is packaged.





Figure 3–1. Process flow chart for RCF production.
Batch is melted in 
furnace at >1600˚C.
Lubricants are added








SiO2, TiO2, MgO, CaO,
Na2O, K2O, etc.) are
added to batch mix.
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cessed	 to	 form	textiles,	 felts,	boards,	cements,	
and	 other	 specialty	 items.	 Other	 RCFs	 are	
formed	into	blankets	as	bulk	fiber	in	the	collec-
tion	chamber	settles	onto	a	conveyor	belt.	The	
blanket	 passes	 through	 a	 needle	 felting	 ma-
chine	that	interlocks	the	fibers	and	compresses	
the	blanket	to	a	specified	thickness.	From	the	






create	 other	 specialty	 products.	 Many	 of	 the	
processes	are	automated	and	are	monitored	by	





3.4  RCF Products and Uses
RCFs	may	be	used	in	bulk	fiber	form	or	as	one	
of	 the	RCF	 specialty	products	 in	 the	 form	of	
mats,	paper,	 textiles,	 felts,	 and	boards	 [RCFC	
1996].	Because	of	its	ability	to	withstand	tem-
peratures	 exceeding	 1,000	 °C,	 RCFs	 are	 used	
predominantly	 in	 industrial	 applications,	 in-
cluding	 insulation,	 reinforcement,	 and	 ther-
mal	 protection	 for	 furnaces	 and	 kilns.	 RCFs	
can	 also	 be	 found	 in	 automobile	 catalytic	
converters,	 in	 consumer	 products	 that	 oper-
ate	at	high	temperatures	(e.g.,	toasters,	ovens,	
woodstoves),	 and	 in	 space	 shuttle	 tiles.	 RCFs	
have	been	formed	into	noise-control	blankets	
[Thornton	et	al.	1984]	and	used	as	a	replace-
ment	 for	 refractory	 bricks	 in	 industrial	 kilns	
and	 furnaces	[RCFC	1996].	RCFs	have	 found	
increasing	 application	 as	 reinforcements	 in	
specialized	metal	matrix	 composites	 (MMC),	
especially	 in	 the	 automotive	 and	 aerospace	
industries	 [Stacey	 1988].	A	 summary	of	RCF	
products	and	applications	are	provided	here.






compressed	 rigid	 board	 (boards	 have	









■	 Ropes and braids—high-temperature	 in-
sulation	 produced	 by	 textile	 operations	
and	 used	 for	 packing,	 seals,	 and	 wicking	
applications
■	 Woven textiles—high-temperature	 in-
sulation	produced	by	textile	processes	in	
the	form	of	cloth,	tape,	or	sleeves
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and	 caulking	 compounds)	 that	 contain	
wet,	 inorganic	 binder	 and	 are	 used	 as	




of	 blanket	 insulation	 with	 hardware	 for	
attaching	to	the	surfaces	of	 furnaces	and	
kilns
3.4.2  Examples of Applications
■	 Insulation	linings	of	high-temperature	in-
dustrial	furnaces	and	related	equipment





sociated	 with	 high-temperature	 indus-
trial	furnaces







■	 Automobile	 applications	 consisting	 of	
brake	pads,	clutch	facings,	catalytic	con-
verters,	 air	 bags,	 shoulder	 belt	 controls,	
and	passenger	compartment	heat	shields
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4 Assessing Occupational Exposure
4.1  Air Sampling and 
Analytical Methods
The	 conventional	 method	 used	 to	 assess	 the	
characteristics	 and	 concentrations	 of	 expo-




estimating	 the	 exposure	 characteristics	 of	 a	
worker	performing	specific	tasks.	For	personal	
sampling,	 a	 worker	 is	 equipped	 with	 the	 air	







panying	 the	worker	 throughout	 the	 sampling	
period.


















Airborne	 fibers	 and	 other	 particulates	 are	
trapped	on	the	filter	for	analysis	using	micro-
scopic	methods.	Methods	7400	and	7402	can	














1982].	TEM	also	 allows	 for	qualitative	 analy-
sis	 of	 fibers	 using	 an	 energy-dispersive	X-ray	
analyzer	(EDXA)	to	determine	elemental	com-
position	and	selected	area	electron	diffraction	
(SAED)	 for	 comparing	 diffraction	 patterns	
with	reference	patterns	for	identification.	
4.2.1 NIOSH Fiber-Counting Rules 
The	appendix	to	NIOSH	Method	7400	speci-
fies	 two	 sets	of	fiber-counting	 rules	 that	vary	
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ing	Method	 7400	with	 the	B	 rules	 for	 evalu-
ating	 exposures	 to	 airborne	 RCFs.	 NIOSH	
Method	7402	specifies	use	of	the	A rules,	with	a	
lower-diameter	limit	of	0.25	µm	to	allow	com-
parison	 with	 results	 obtained	 from	 NIOSH	
Method	7400.	Method	7402	can	also	be	used	to	





4.2.2 European Fiber-Counting Rules












ing	 the	NIOSH	A	 and	B	 rules;	both	methods	
produced	 similar	 results,	 with	 no	 statistically	
significant	difference	in	fiber	density	measure-
ments	 on	 sample	 filters.	Maxim	 et	 al.	 [1997]	




Lees	 et	 al.	 [1993]	 also	 found	 that	fiber	 expo-
sure	 estimates	 were	 slightly	 higher	 using	 the	
A rules	but	were	comparable	to	the	values	ob-








4.3  Sampling for Total or 
Respirable Airborne 
Particulates
Airborne	 exposures	 generated	 during	 work	
with	RCFs	may	also	be	estimated	by	sampling	
for	general	dust	concentrations.	Sampling	for	
particulates	 not	 otherwise	 regulated	 is	 de-
scribed	in	NIOSH	Method	0500	for	total	dust	









filter	 is	 measured	 using	 gravimetric	 analysis,	
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4  ■		Assessing Occupational Exposure
as	 8-hr	 TWA	 concentrations.	 The	 American	
Conference	 of	 Governmental	 Industrial	 Hy-
gienists	(ACGIH)	threshold	limit	value	(TLV)	
for	particles	(insoluble	or	poorly	soluble)	not	
otherwise	 specified	 is	10	mg/m3	 for	 inhalable	
particles	and	3	mg/m3	 for	 respirable	particles	
as	8-hr	TWA	concentrations	[ACGIH	2005].	





during	 removal	 of	 after-service	 RCF	 furnace	
insulation).	 As	 with	 sampling	 for	 respirable	
particulates,	 sampling	 for	 respirable	 silica	 in-
volves	 using	 a	 pump	 to	 draw	 air	 through	 a	
cyclone	 before	 collecting	 respirable	 airborne	
particles	on	a	filter.	Qualitative	and	quantita-





■	 Visible	 absorption	 spectrophotometry	
(NIOSH	Method	7601)







4.5  Industrial Hygiene 
Surveys and Exposure 
Assessments
Assessments	 of	 occupational	 exposures,	 in-
cluding	quantitative	measurement	of	airborne	
fiber	concentrations	associated	with	manufac-
turing,	 handling,	 and	 using	 RCFs,	 have	 been	









■	 An	 ongoing	 University	 of	 Cincinnati	
epidemiologic	 study	 with	 exposure	 as-
sessments	that	use	historical	monitoring	







products	 [RCFC	 1993;	 Everest	 1998;	
Maxim	et	al.	1994,	1997,	2000a]
■	 Studies	 of	 exposure	 to	 airborne	 fibers	
during	 the	 installation	 and	 removal	 of	
RCF	 insulation	 in	 industrial	 furnaces	
[Gantner	 1986;	 Cheng	 et	 al.	 1992;	 van	
den	Bergen	et	al.	1994;	Sweeney	and	Gil-
grist	1998;	Maxim	et	al.	1999b]
■	 International	 (Canadian,	 Swedish,	 Aus-
tralian)	industrial	hygiene	surveys	of	oc-
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4  ■		Assessing Occupational Exposure
4.5.1 University of Pittsburgh Survey 
of Exposures During RCF 
Manufacturing
In	the	mid	1970s,	researchers	from	the	Univer-
sity	 of	 Pittsburgh	 conducted	 environmental	
monitoring	to	assess	worker	exposures	to	air-
borne	fibers	 at	 domestic	RCF	manufacturing	
facilities.	 This	 research	 effort	 was	 one	 of	 the	
pioneering	studies	in	the	use	of	workplace	ex-
posure	groupings	or	dust zones	for	establishing	




summarizes	 the	 sampling	 data	 for	 the	 three	
facilities	 (A,	 B,	 and	 C)	 by	 fiber	 concentra-





manufacturing	 and	 finishing	 operations	 dur-
ing	which	sanding,	cutting,	sawing,	and	drill-
ing	operations	were	performed	and	ventilation	
was	 lacking.	A	 large	 number	 of	 these	 opera-
tions	were	noted	in	plant	A,	which	is	reflected	
by	 the	elevated	fiber	and	dust	 concentrations	
for	 this	plant.	When	data	were	 compared	 for	
similar	 operations	 and	 dust	 zones,	 exposure	










4.5.2  University of Cincinnati Study 
of Exposures During RCF 
Manufacturing
In	1987,	researchers	from	the	University	of	Cin-





surveys	 conducted	 at	 five	RCF	manufacturing	












greater	 than	 the	 analytic	 limit	 of	 detection	
[LOD],	 39	overloaded	 samples,	 36	 samples	
with	 values	 below	 the	 LOD,	 and	 27	 samples	
voided	because	of	tampering	or	pump	failure).	
They	 also	 collected	 35	 samples	 from	persons	
working	with	raw	materials	that	were	analyzed	
quantitatively	 and	 qualitatively	 for	 respirable	
mass	and	for	silica	polymorphs	(quartz,	tridy-
mite,	and	cristobalite).	A	sampling	strategy	was	
developed	 by	 identifying	 more	 than	 100	job	
Table 4–1 . Industrial hygiene survey data for three RCF* manufacturing plants†
AM total airborne dust AM fiber concentration 
Plant No . samples mg/m3 Range f/cm3 Range
A 76 	 6.05 	0.37–100.00 							2.6 			0.02–16.0
B 67 	 1.6 	0.19–9.73 							0.63 			0.04–6.7
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the	 samples	 contained	 cristobalite	 in	 concen-
trations	ranging	from	20	to	78	µg/m3,	and	1	of	
the	 samples	 contained	 70	 µg/m3	 quartz.	 The	




work	 history	 interviews	 were	 conducted	 and	
evaluated	 to	 refine	 uniform	 job	 titles	 and	 to	
identify	 dust	 zones	 according	 to	 the	 meth-
od	of	Corn	and	Esmen	[1979].	Four	years	of	
sampling	data	(1987–1991)	were	merged	with	
historic	 sampling	 data	 to	 construct	 exposure	
estimates	for	81	job	titles	in	7	facilities	for	spec-
ified	 time	 periods	 [Rice	 et	 al.	 1997].	 Overall	
exposures	decreased.	The	maximum	exposure	
estimated	was	10	f/cm3	in	the	1950s	for	carding	
in	 a	 textile	 operation;	 subsequent	 changes	 in	












Number and % Exposure estimate 
   of job titles           (f/cm3)
				97	(79%) 	. . . . . . . . . . 	≤0.25	
				17	(14%) 	. . . . . . . . . . 	>0.25	to	0.5	
						8	(		7%).	.	.	.	.	.	.	.	.	.	. 	>0.5
The	study	shows	that	exposures	decreased	for	
25%	 of	 job	 titles,	 remained	 stable	 for	 53%,	
and	 increased	 for	22%.	Of	 the	 job	 titles	with	
increased	exposure	estimates,	9	estimates	were	
>0.1	f/cm3	(range	=	0.1	to	0.21	f/cm3),	and	19	
estimates	 were	 <0.1	 f/cm3.	 The	 exposure	 es-
timates	 for	 this	 study	 do	 not	 include	 adjust-
ments	for	respirator	use.





RCF	manufacturing	 industry	 and	 in	 secondary	
RCF-use	 industries	 [RCFC	 1993;	Maxim	 et	 al.	




ect	Plan	 in	 the	consent	agreement	contains	 the	
analytical	 protocols,	 statistical	 design,	 descrip-
tion	of	the	program	objectives,	and	timetables	for	
meeting	the	objectives	[RCFC	1993].
During	 each	 year	 of	 the	 consent	 agreement,	 a	
minimum	 of	 720	 personal	 air	 samples	 (mea-
sured	 as	 8-hr	 TWAs)	 were	 collected	 according	
to	a	 stratified	random	sampling	plan.	Of	 these,	
320	 samples	 were	 collected	 in	 RCF	 manufac-
turing	 and	 processing	 (primary)	 facilities.	 The	
remaining	 400	 samples	 were	 collected	 in	 RCF	
Refractory Ceramic Fibers 27
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son	 across	 industries,	 facilities,	 and	 similar	 job	
functions	[RCFC	1993].	This	categorization	was	
based	 on	 the	 approach	 instituted	 by	Corn	 and	
Esmen	[1979].	Appendix	B	lists	definitions	and	






As	 background	 for	 the	 consent	 agreement	
monitoring	plan,	baseline	(now	referred	to	as	
historical)	 information	 about	 airborne	 fiber	
concentrations	was	obtained	through	personal	
sampling	 of	 workers	 at	 RCF	 manufacturing	
facilities	from	January	1989	to	May	1993.	Ex-
posure	monitoring	strategies	used	during	 the	
baseline	 period	 (1989–1993)	 provided	 the	
framework	for	 the	consent	agreement	(1993–
1998)	 monitoring	 protocol.	 Table	 4–3	 pres-
ents	AM	and	geometric	mean	 (GM)	concen-
trations	 of	 RCF	 exposures	 determined	 from	
historical	data	(1989–1993)	by	 functional	 job	
category.	 Table	 4–4	 contains	 these	 summary	
statistics	for	all	5	years	of	RCF	consent	agree-
ment	monitoring	data.	Table	4–5	summarizes	










were	 lower	 than	 those	 for	 the	preceding	base-
line	 sampling	 period	 (1989–1993).	 However,	
a	comparison	of	values	 in	Tables	4–5	and	4–6	
shows	that	average	concentrations	for	the	entire	
5-year	 consent	 agreement	 monitoring	 period	







conclusions	 about	 RCF	 exposures	 were	 based	
on	 these	 analyses	 of	 data	 from	 1,600	 baseline	
samples	and	3,200	consent	agreement	samples:
■	 Airborne	 concentrations	 of	 RCFs	 are	
generally	decreasing	in	the	workplace.
■	Ninety	 percent	 of	 airborne	 concentra-
tions	of	RCFs	in	the	workplace	are	below	
1	f/cm3.







functional	 job	 category	 and	 the	 associ-
ated	average	fiber	concentration.
■	Workplace	samples	have	a	lower	ratio	of	
respirable	 nonfibrous	 particles	 to	 fibers	
than	samples	used	in	initial	animal	inha-
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Table 4–3 . TWA* concentrations of airborne RCFs in personal samples collected during 
the baseline sampling period (1989–1993),† by functional job category
Functional job category
Manufacturing (primary production) End use (secondary processing)
No . 
samples
AM GM No .  
samples
AM GM
f/cm3 SD f/cm3 GSD f/cm3 SD f/cm3 SD
Assembly	 120 0.5 0.92 0.22 3.94 130 0.29 0.36 0.13 4.08
Auxiliary 119 0.15 0.18 0.07 4.01 26 1.1 2.26 0.2 6.33
Fiber 438 0.52 0.79 0.22 4.17 — — — — —
Finishing 127 0.76 0.63 0.49 3.11 84 1.57 5.72 0.47 4.18
Installation — — — — — 201 0.69 1.09 0.3 4.31
Mixing	forming 89 0.27 0.34 0.15 3.23 47 0.41 0.55 0.17 4.71
Other 129 0.33 0.86 0.09 4.25 57 0.38 0.69 0.14 4.88
Removal — — — — — 49 1.36 2.97 0.28 6.48




Table 4–4 . TWA* concentrations of airborne RCFs in personal samples collected during the 
5-year consent agreement monitoring period, 1993–1998,† by functional job category
Functional job category







f/cm3 SD f/cm3 GSD f/cm3 SD f/cm3 GSD
Assembly 362 0.28 0.27 0.18 2.76 369 0.31 0.4 0.14 4.1
Auxiliary 237 0.12 0.19 0.05 3.87 311 0.19 0.37 0.07 4.68
Fiber 421 0.26 0.47 0.14 3.27 — — — — —
Finishing 359 0.65 0.56 0.47 2.44 622 0.99 2.09 0.35 4.5
Installation — — — — — 456 0.42 0.51 0.2 3.83
Mixing	forming 379 0.28 0.27 0.17 2.96 332 0.31 0.47 0.17 3.07
Other 167 0.14 0.21 0.07 3.22 385 0.17 0.46 0.04 4.66
Removal — — — — — 176 1.92 2.85 0.82 4.22
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installation	(AM=0.4	f/cm3).	The	remainder	of	
the	functional	job	categories	had	average	TWA	









requires	 more	 mechanical	 energy	 and	 may	
involve	 fracturing	 the	 structure	 of	 the	 RCF	
product,	 resulting	 in	 fiber	 release	 and	 higher	








[1997]	 found	 average	workplace	 values	 to	 be	
much	 lower	(0.53;	n=10;	range	not	reported)	
than	the	average	ratio	(9.1;	n=7)	in	the	samples	
used	 in	 a	 series	 of	 animal	 inhalation	 toxicity	




consent	 agreement	 period	 (June	 1993–May	
1998)	provided	data	from	nearly	6,200	air	sam-
ples	 in	 the	domestic	RCF	 industry.	Table	4–6	
presents	 the	 summary	 statistics	 of	workplace	
RCF	exposure	concentrations	for	the	baseline	
(historical)	 and	 consent	 agreement	monitor-
ing	data.	The	data	suggest	that	(1)	the	AMs	and	






Table 4–5 . TWA* concentrations of airborne RCFs in personal samples collected during 
year 5 of the consent agreement monitoring period, June 1997 to May 1998
Functional job category
Manufacturing (primary production) End use (secondary processing)
No . 
samples
AM GM No . 
samples
AM GM
f/cm3 SD f/cm3 GSD   f/cm3 SD  f/cm3 GSD
Assembly	 78 0.28 0.25 0.19 2.48 92 0.28 0.39 0.1 5.32
Auxiliary 44 0.16 0.21 0.08 4.05 89 0.18 0.36 0.06 4.98
Fiber 85 0.29 0.29 0.18 2.85 — — — — —
Finishing 77 0.6 0.57 0.44 2.11 126 0.93 1.49 0.37 4.43
Installation — — — — — 81 0.34 0.49 0.17 3.54
Mixing	forming 75 0.23 0.24 0.14 2.78 69 0.28 0.31 0.18 2.65
Other 39 0.22 0.34 0.12 3 70 0.05 0.12 0.02 3.07
Removal — — — — — 39 2.3 3.9 0.58 6.15
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4.5.4  Exposures During Installation 
and Removal of RCF Furnace 
Insulation
To	 evaluate	 exposures	 to	 airborne	 dust	 as-
sociated	with	 removing	RCF	 furnace	 insula-
tion,	Gantner	[1986]	conducted	surveys	with	
air	 sampling	 at	 five	 sites.	 The	 surveys	 were	
performed	 at	 sites	 where	 workers	 removed	




their	 own	 personal	 clothing,	 and	 (in	 some	
cases)	 goggles	 or	 other	 protective	 eyewear.	
Personal	 sampling	 was	 performed	 for	 total	
dust	concentration	as	well	as	 respirable	dust	
concentration	using	 a	 cyclone.	Area	 samples	
were	 collected	 in	 the	 center	 of	 work	 zones	
(industrial	 furnaces)	 at	 9	 ft	 above	 the	 floor,	
which	was	at	 the	breathing	zone	 level	of	 the	
workers,	who	were	on	scaffolding.	A	total	of	
24	 air	 samples	 were	 collected,	 including	 14	
personal	 samples	 (9	 for	 respirable	 dust	 and	
5	 for	 total	 dust	 concentrations)	 and	 10	 area	
samples	 (3	 for	 respirable	 dust	 and	 7	 for	 to-
tal	 dust	 concentrations).	Bulk	 samples	 of	 the	
insulation	materials	were	 analyzed	 for	 cristo-
balite	content,	which	ranged	between	0%	and	
21%.	 In	 area	 air	 samples,	 cristobalite	 content	
ranged	 from	 4%	 to	 15%.	 Personal	 respirable	







expected,	 the	 highest	 cristobalite	 concentra-
tions	 in	bulk	samples	were	 found	on	the	 face	
of	 insulation	 materials	 closest	 to	 high	 tem-
peratures	 in	 furnaces	 (threshold	 temperature	
near	1,700	oF).	Results	of	the	surveys	indicated	
that	 concentrations	 of	 respirable	 cristobalite	
exceeded	 the	ACGIH	TLV	 (then	 [10	mg/m3]/	
[%	SiO
2





Table 4–6 . TWA* concentrations RCFs in personal samples collected at manufacturing 
facilities and end-use site during the baseline (1989–1993) monitoring periods
Type of site
 No . 
samples
Baseline data (1989–1993)† 
No . 
samples
Consent monitoring data 
(1993–1998)‡
AM GM AM GM
f/cm3 SD f/cm3 GSD f/cm3 SD f/cm3 GSD
Manufacturing	(primary	
				production)
1,022 0.46 0.74 0.19 4.37 1,527 0.31 0.42 0.16 3.65
End-use	(secondary		
			processing)
594 0.75 2.49 0.23 4.85 2,085 0.56 1.39 0.16 5.22
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Cheng	et	al.	[1992]	studied	exposures	to	RCFs	
during	 the	 installation	 and	 removal	 of	 RCF	
insulation	 in	13	 furnaces	at	6	refineries	and	2	
chemical	 plants.	 Air	 samples	 were	 collected	
and	 analyzed	 according	 to	 NIOSH	 Method	
7400	 (A	 rules);	 sampling	 times	 ranged	 from	




during	 installation	 of	 RCF	 insulation	 (n=59)	
revealed	 GM	 concentrations	 of	 0.14	 to	 0.62	
f/cm3	 (range=0.02	 to	 2.6	 f/cm3).	 The	 highest	
exposures	 were	 observed	 in	 samples	 collect-
ed	during	 removal	of	RCF	 insulation	 (n=32),	
with	GM	concentrations	of	0.02	 to	1.3	 f/cm3	
(range=<0.01	 to	 17	f/cm3).	 Workers	 work-
ing	outside	of	enclosed	spaces	(furnaces)	were	
rarely	 exposed	 to	 more	 than	 0.2	 f/cm3.	 One	
sample	 of	 after-service	 RCF	 insulation	 was	
analyzed	for	fiber	diameter	and	length:	median	
diameter	was	reported	as	1.6	µm	(range=0.5	to	















from	 9	to	 50	 f/cm3	 (GM=16	 f/cm3).	 Sweeney	
and	Gilgrist	[1998]	also	monitored	worker	ex-
posures	to	airborne	RCFs	and	respirable	silica	
during	 the	 removal	 of	 RCF	 materials	 from	
furnaces.	 Personal	 samples	 from	 two	 work-






silica	 (2.4%	 and	 4.3%)	 were	 also	 above	 the	
OSHA	 PEL.	 The	 elevated	 concentrations	 of	
respirable	and	total	dust	were	associated	with	
removal	of	 conventional	 refractory	 lining	us-
ing	 jackhammers,	 crowbars,	 and	hammers.	A	
worker	performing	routing	to	install	new	RCF	





In	 the	RCF	 industry,	worker	exposures	 to	 re-
spirable	 crystalline	 silica	 (including	 quartz,	
cristobalite,	and	tridymite)	may	occur	during	
the	use	of	silica	in	manufacturing,	removal	of	
after-service	 insulation,	 and	 waste	 disposal.	







small	 jobs,	 all	 workers	 engaged	 in	 insulation	









moval	 of	 conventional	 refractories).	Removal	
of	RCF	blankets	and	modules	is	performed	by	
using	knives,	pitchforks,	rakes,	and	water	lanc-
es,	 or	 by	 hand-peeling.	 The	 study	 noted	 that	
most	 (>90%)	workers	wear	 respirators	 (with	
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4.5.5  International (Canadian, Swedish, 
and Australian) Surveys of RCF 
Exposure










Respirable	 fiber	 concentrations	 were	 highest	
during	removal	and	installation	of	RCFs	(0.39	
to	 3.51	 f/cm3)	 compared	with	 concentrations	






























A	 report	 by	 the	 Swedish	 National	 Institute	
for	Occupational	Health	 [Krantz	 et	 al.	 1994]	
describes	 exposure	 to	 RCFs	 in	 smelters	 and	
foundries	based	on	industrial	hygiene	surveys	
and	 sampling	 at	 4	 facilities:	 a	 specialty	 steel	
foundry	 (2,500	 workers),	 a	 metal	 smelting	
plant	 (1,500	workers),	 an	 aluminum	 foundry	
(450	workers),	and	an	iron	foundry	(450	work-
ers).	RCF	products	were	used	in	these	plants	in	
ladles,	 tapping	 spouts,	 holding	 furnaces,	 heat	
treatment	furnaces,	and	spill	protection	mats.	
Workers	and	contractors	were	placed	into	three	











materials	 in	 enclosed	 spaces,	 concentrations	
of	up	to	210	f/cm3	were	measured.	Total	dust	
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ufacturing	 industry	 is	relatively	small	 in	Aus-
tralia:	2	plants	employing	roughly	40	workers	
have	been	manufacturing	RCFs	since	1976	and	










tions	 of	 airborne	 fibers	 before	 implementa-
tion	 of	 the	 synthetic	 fiber	 exposure	 standard	
(1983–1990)	measured	 0.52	f/cm3	 (geometric	
standard	deviation	[GSD]=3.9)	and	0.29	f/cm3	




4.5.6  Johns Hopkins University 
Industrial Hygiene Surveys 
A	report	of	RCF	end-user	exposure	data	pre-
pared	 for	 the	 Thermal	 Insulation	 Manufac-
turers	 Association	 (TIMA)	 showed	 that	 us-
ing	 blanket,	 bulk,	 and	 vacuum-formed	 RCFs	
during	 certain	operations	 resulted	 in	high	fi-
ber	concentrations	[Corn	et	al.	1992].	For	ex-
ample,	25	personal	air	samples	collected	from	
workers	 installing	 RCF	 blanket	 modules	 had	
an	AM,	8-hr	TWA	concentration	of	1.36	f/cm3	
(SD=1.15).	The	fibers	were	collected	and	ana-
lyzed	 using	 NIOSH	 Method	 7400	 (B	 rules).	
Seventeen	 vacuum	 formers	 had	 AM	 expo-
sure	 concentrations	 of	 0.71	 f/cm3	 (SD=0.83)	
while	using	bulk	RCF	products.	Twenty-eight	
workers	with	the	job	title	vacuum-formed RCF 
cast finisher	 had	AM	 exposures	 of	 1.55	f/cm3	
(SD=1.51).	 Table	 4–7	 summarizes	 exposure	
data	collected	for	the	17	occupations	sampled	








4.5.7  NIOSH HHEs and Additional 
 Sources of RCF Exposure Data 
NIOSH	has	conducted	HHEs	involving	poten-
tial	 exposures	 to	RCFs	 at	 the	 following	work	
places:	an	RCF	manufacturing	facility	[Lyman	
1992],	 a	 steel	 foundry	 [O'Brien	 et	 al.	 1990],	
a	 power	plant	 [Cantor	 and	Gorman	1987],	 a	
foundry	 [Gorman	 1987],	 and	 a	 railroad	 car	
wheel	 and	 axle	 production	 facility	 [Hewett	
1996].	Table	4–8	summarizes	data	on	airborne	
fiber	 concentrations	 and	 dimensions	 from	
these	studies.		
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Table 4–7 . Summary of 8-hr TWA* RCF exposures for workers using RCF insulation products
PCM (f/cm3) SEM (f/cm3)
Gravimetric 
(mg/m3)
RCF product Occupation n AM SD n AM SD n AM SD
RCF	blanket Module	fabricator 5 0.44 0.4 7 0.54 0.8 4 6.26 6.5
Module	installer 25 1.36 1.15 23 1.19 0.8 11 14.2 18.7
Blanket	installer 8 0.37 0.29 9 0.33 0.24 4 1.42 1.2
Investment	caster 20 0.73 0.88 18 0.65 0.57 6 3.59 3.75
General	fabricator 20 0.55 0.55 19 0.46 0.55 7 0.86 0.49
Fabrication	maintenance — — — — — — — — —
RCF	bulk Vacuum	former 17 0.71 0.83 13 0.6 0.57 7 1.1 0.7
Vacuum	maintenance — — — — — — — — —
Vacuum	warehouse — — — — — — — — —
Sprayer 1 1.53 — 1 1.15 — — — —
Spray	feeder 1 0.24 — 1 0.21 — — — —
Vacuum-formed	RCFs General	fabricator 2 0.52 0.58 2 0.2 0.05 2 0.57 0.35
Paper	fabricator — — — — — — — — —
Paper	finisher — — — — — — — — —
Cast	finisher 28 1.55 1.51 32 1.17 1.17 8 4.05 5.42
Finishing	maintenance 1 0.12 — 2 0.07 0.01 1 0.75 —
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Table 4–8 . NIOSH Health Hazard Evaluations involving investigation of exposures to RCFs*
Reference Worksite
Samples Concentration
Fiber dimensionNo . Type f/cm3 SD
Lyman	[1992] RCF	manufacturing 286 Breathing	zone 0.69 — —
	 4 Breathing	zone 4.02 1.82 —
	 126 Breathing	zone 0.81 — AMD=0.6	µm
	 — — AML=13.8	µm
	 24 Breathing	zone 1.65 — —










Power	plant 4 Breathing	zone 0.26 0.08 D=0.5-2.0	µm	(73%	of	
fibers)
2 Area 0.08 0.01 L=>20	µm	(60%	of	fibers)
Gorman	[1987] Foundry 7 Breathing	zone 0.1 0.06 D=<2	µm	(96%	of	fibers)
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dicate	 that	 airborne	 concentrations	 of	 RCFs	
include	 fibers	 in	 the	 thoracic	 and	 respirable	
size	range	(<3.5	µm	in	diameter	and	<200	µm	
long	 [Timbrell	 1982;	 Lippmann	 1990;	 Baron	
1996]).	Workers	are	exposed	to	these	concen-
trations	 during	 primary	RCF	manufacturing,	
secondary	 manufacturing	 or	 processing,	 and	
end-use	 activities	 such	 as	 RCF	 installation	
and	 removal.	 Sampling	 data	 from	 studies	 of	





borne	 concentration	 of	 10	 f/cm3	 associated	
with	 an	 RCF	 manufacturing	 process	 in	 the	
1950s.	Esmen	et	al.	[1979]	recognized	average	
exposure	concentrations	ranging	from	0.05	to	










ductions	 in	 exposure	 concentrations	 have	
been	 realized	 through	 improved	 ventilation,	
engineering	 or	 process	 changes,	 and	 prod-
uct	 stewardship	 programs	 [Rice	 et	 al.	 1996;	
Maxim	 et	 al.	 1999b].	 Several	 functional	 job	
categories	 continue	 to	 be	 associated	with	fi-
ber	 concentrations	 that	 exceed	 the	 average;	
these	 include	 finishing	 operations	 during	
manufacturing,	 removal	 operations,	 and	 in-
stallation	 performed	by	 end	users.	Activities	
in	 these	 three	 categories	 require	 additional	
mechanical	 energy	 in	 handling	 RCF	 prod-
ucts	(e.g.,	 sawing,	drilling,	cutting,	sanding),	
which	 increases	 the	 generation	 of	 airborne	
fibers.	Removal	and	installation	activities	are	
performed	at	remote	sites	where	conventional	







One	 additional	 consideration	 during	 work	
involving	 RCF	 exposure	 is	 the	 potential	 for	
exposure	 to	 respirable	 silica	 in	 the	 forms	 of	
quartz,	 tridymite,	 and	 cristobalite.	 Although	




al.	 1994].	Maxim	 et	 al.	 [1999a]	 reported	 that	




rable	 silica	 ranging	 from	 0.01	 to	 0.44	mg/m3	
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Animal	studies	report	the	concentration(s)	to	
which	the	animals	were	exposed.	The	distinc-
tion	 between	 administered	 exposure	 concen-
tration	 and	 received	 dose	 is	 important	when	
analyzing	these	studies.	The	dose	affecting	the	
target	tissues	is	known	only	when	the	amount	







5.1.1 Intrapleural, Intraperitoneal, 
and Intratracheal Studies











tract.	 These	 exposure	methods	 do	 not	mimic	
an	occupational	inhalation	exposure	of	several	
hours	 per	 day	 for	 several	 days	 per	week	 over	
an	 extended	 period.	 However,	 one	 advantage	
of	 these	 studies	 is	 that	 they	 allow	 the	 admin-
istration	of	a	precise	dose	of	fibers	that	can	be	
replicated	 between	 animals.	 They	 also	 permit	
the	administration	of	higher	doses	than	may	be	
obtainable	by	inhalation	exposure.	
5.1 Health Effects in 
Animals (In Vivo Studies)
The	health	effects	of	RCF	exposures	have	been	
evaluated	 in	animal	 studies	using	 intrapleural,	
intraperitoneal,	 intratracheal,	 and	 inhalation	
routes	of	exposure.	All	of	these	routes	have	dem-









animal	studies,	 it	 is	possible	 to	compare	fibers	
on	a	gravimetric	basis	 (effect	per	unit	weight)	
or	 a	 fiber	 basis	 (effect	 per	 number	 of	 fibers).	
The	 same	 gravimetric	 dose	 of	 different	 fiber	
types	may	contain	vastly	different	numbers	of	










difficult	 when	 the	 number	 of	 fibers	 per	 unit	
weight	 is	not	 reported.	Comparison	on	a	per-	
fiber	basis	 rather	 than	a	weight	basis	provides	
information	 most	 applicable	 to	 occupational	
risk	assessment.
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Although	 the	 results	 of	 implantation	 and	 in-
stillation	studies	may	not	be	directly	applicable	
to	 occupational	 exposure	 and	 human	 health	
effects,	 they	 provide	 important	 information	
about	 the	 potential	 toxicity	 of	 RCFs.	 Experi-
ments	that	control	fiber	dimensions	and	other	
variables	provide	information	about	the	physi-
ological	 characteristics	 relevant	 to	 fiber	 tox-






fiber	 basis.	 Some	 studies	 assess	 the	 toxicity	 of	
both	RCFs	 and	 asbestos	 independently,	which	




directly	 into	 the	 abdominal	 cavity,	 bypassing	
the	 respiratory	 system	 defense	 and	 clearance	












ceramic	 aluminum	 silicate	 dust	 by	 intraperi-
toneal	injection.	Tumors	were	induced	in	3	of	
32	rats:	2	fibrosarcomas	and	1	mesothelioma.	
Smith	 et	 al.	 [1987]	 dosed	 Osborne	 Mendel	
(OM)	 rats	 and	 Syrian	 hamsters	 with	 25	 mg	
RCFs	 by	 intraperitoneal	 injection.	 Abdomi-
nal	 mesothelioma	 induction	 rates	 were	 83%	
(19/23)	in	OM	rats	and	13%	(2/15)	and	24%	














for	 5	weeks	 with	 2	ceramic	 (aluminum	 sili-
cate)	wool	fibers,	Fibrefrax	(RCFs),	and	MAN	
(Manville	RCFs);	total	doses	of	45	and	75	mg	
were	 administered,	 respectively.	 Fifty	 percent	
of	Fibrefrax	fibers	had	a	 length	<8.3	µm	and	
diameter	<0.91	µm.	Exposure	 to	Fibrefrax	fi-















5.1.1.2 Intrapleural Implantation Studies
Intrapleural	 implantation	 studies	 permit	 the	
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5  ■		Effects of Exposure
Table	 5–2	 summarizes	 the	 results	 of	 the	 in-
trapleural	 study	 of	Wagner	 et	 al.	 [1973].	 In-
trapleural	injection	of	20	mg	of	ceramic	fiber	








making	 a	 direct	 comparison	 of	 the	 samples	
difficult.
5.1.1.3 Intratracheal Instillation Studies
The	technique	of	intratracheal	instillation	has	
the	advantage	of	affecting	the	same	target	tis-
sues	 (other	 than	 the	 upper	 respiratory	 tract)	
as	 an	 inhalation	 exposure.	Other	 advantages,	
compared	 with	 inhalation	 exposure,	 include	
a	simpler	technique,	lower	cost,	accurate	dos-
ing,	 and	 the	ability	 to	deliver	materials	 (such	
as	 long	 fibers)	 that	may	 not	 be	 respirable	 to	
rodents	[Driscoll	et	al.	2000].	The	 faster	dose	
rate	and	bolus	delivery	of	tracheal	instillation	
may	 affect	 the	 response	 of	 the	 lung	 defense	
mechanisms,	 resulting	 in	differences	 in	clear-
ance	and	biopersistence	 relative	 to	an	 inhala-
tion	 exposure.	 Intratracheal	 instillation	 may	
also	produce	a	clumping	of	fibers	with	a	result-






summarizes	 the	 results	 of	 two	 RCF	 intratra-
cheal	 instillation	 studies	 [Smith	 et	 al.	 1987;	
Manville	 1991].	 A	 brief	 description	 of	 these	
studies	follows.	
In	 the	 study	 by	 Smith	 et	 al.	 [1987],	 Syrian	
golden	hamsters	and	OM	rats	were	dosed	with	
2	mg	of	RCFs	suspended	in	saline	(Fibrefrax)	











for	 hamsters	 and	 736	 days	 for	 rats.	 Hamsters	











imals	were	 terminally	 sacrificed	 at	 128	weeks	
with	interim	sacrifices	at	13,	26,	52,	78,	and	104	
weeks.	RCF1,	RCF2,	RCF3,	and	RCF4	exposure	









In	 animal	 bioassays,	 administering	 RCFs	 by	
chronic	 inhalation	 most	 closely	 mimics	 the	
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Table 5–2 . Intrapleural study of RCFs* in animals
Reference Species
Number 
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5  ■		Effects of Exposure
The	 effects	 seen	 in	 animals	 may	 be	 used	 to	
predict	 the	 effects	 of	 these	 fibers	 in	 humans,	






because	 of	 fiber	 exposure	 [McConnell	 1995;	
Vu	et	al.	1996].
Five	chronic	RCF	inhalation	studies	have	been	





Davis	 et	 al.	 [1984]	 exposed	 Wistar	 rats	 by	
whole-body	inhalation	to	10	mg/m3	(95	f/cm3)	
ceramic	 (aluminum	 silicate	 glass)	 dust	 for	










ian	 golden	 hamsters	 by	 nose-only	 inhala-











7	 mg/cm3	 (3,000	 f/cm3)	 crocidolite	 asbestos	
produced	 pulmonary	 tumors	 in	 3	 of	 57	 rats,	
including	 1	 mesothelioma	 and	 2	 bronchoal-
veolar	 tumors.	 No	 pulmonary	 tumors	 were	
observed	in	crocidolite-exposed	hamsters.	Ex-




Mast	 et	 al.	 [1995a]	 exposed	 Fischer	 344	 rats	
by	nose-only	inhalation	to	30	mg/m3	(187±53	
WHO	f/cm3	RCF1,	220±52	WHO	f/cm3	RCF2,	




animals	 were	 sacrificed	 at	 3,	 6,	 9,	 12,	 15,	 18,	
and	24	months	to	examine	lesions	and	deter-
mine	fiber	 lung	burdens.	Other	animals	were	
removed	 from	 exposure	 at	 the	 same	 time	









at	 12	 months	 with	 RCF4	 exposure.	 Pleural	
fibrosis	 was	 first	 observed	 at	 9	 months	 with	
RCF1,	RCF2,	and	RCF3	and	at	12	months	with	




lung	 tumors	was	 significantly	 increased	 from	






otile,	 13	 of	 69	 (18.5%).	Mesotheliomas	 were	
induced	in	some	rats	in	all	treatment	groups:	2	
with	RCF1;	3	with	RCF2;	2	with	RCF3;	1	with	
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controls	 in	 all	 exposure	 groups.	 One	 pleural	
mesothelioma	 was	 observed	 in	 the	 9-mg/m3	

















f/cm3)	 chrysotile	 asbestos.	 Groups	 of	 3	 to	 6	
animals	were	 sacrificed	at	 3,	 6,	 9,	 12,	 15,	 and	
18	months	 to	 examine	 lesions	 and	determine	




6	months	 of	 exposure	 in	RCF-exposed	 ham-
sters.	 No	 pulmonary	 neoplasms	 developed.	
Forty-two	 of	 102	 (41.2%)	 RCF-exposed	 ani-
mals	 developed	 pleural	mesotheliomas.	Most	
mesotheliomas	developed	after	 18	months	of	
exposure.	 Animals	 exposed	 to	 chrysotile	 de-
veloped	a	more	severe	 interstitial	fibrosis	and	
pleural	 fibrosis	 than	 those	 exposed	 to	 RCFs.	
No	neoplasms	were	 observed	 in	 the	 lungs	 or	
pleura	of	the	chrysotile-exposed	or	air	control	
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diameter	of	the	amosite	asbestos	was	0.60	µm	
±0.25;	 its	 aerosol	 mean	 length	 was	 13.4	 µm	












compared	 with	 the	 observed	 RCF	 response.	
These	results	are	presented	in	Figures	5–1	and	
5–2.	 Log-probit,	 log-logistic,	 multistage,	 and	
unrestricted	 Weibull	 models	 were	 analyzed.	
The	 transformation	 for	 the	 log-probit	 and	




model	 analysis	 of	 these	 data	 indicated	 RCF/
amosite	relative	potency	estimates	of	1.85	and	
1.19,	using	WHO	fibers	and	fibers	>20	µm	as	





of	 RCFs	 to	 amosite	 could	 be	 as	 low	 as	 0.66	
based	on	 the	 log-probit	model.	Results	 using	
the	log-logistic,	multistage,	and	Weibull	mod-
els	were	 similar	 to	 those	using	 the	 log-probit	
model,	with	an	overall	 range	of	RCF/amosite	
relative	 potency	 estimates	 from	 these	models	
using	all	 four	amosite	dose	groups	of	1.03	 to	
1.89.	Although	no	clear	toxicologic	basis	exists	
for	 disregarding	 the	 high-dose	 amosite	 data,	














difficult	 to	 compare	 their	 results	 with	 those	
of	 an	 inhalation	 exposure.	Although	 tracheal	











The	 RCF	 chronic	 animal	 inhalation	 studies	
described	 above	 allow	 for	 the	 comparison	 of	
health	effects	of	exposure	to	different	doses	of	
RCF1,	different	 types	of	RCFs,	and	 the	 inter-
species	susceptibility	of	the	rat	and	hamster	to	
RCF	exposure.	
Results	 of	 the	 multidose	 chronic	 inhalation	
testing	of	RCF1	 in	rats	 indicate	 the	pathogen-
ic	potential	of	RCFs	at	high	doses	[Mast	et	al.	
1995a,b].	 The	 incidence	 of	 total	 lung	 tumors	
was	 significantly	 increased	 from	 controls	 after	
exposure	to	30	mg/m3	RCF1,	RCF2,	and	RCF3	
but	not	RCF4.	A	dose-response	relationship	was	
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cent	 dose-response	 data	 on	 amosite	 asbestos	
provide	 a	 comparison	 because	 these	 amosite	
fiber	dimensions	more	closely	resemble	those	
of	 RCF1	 [McConnell	 et	 al.	 1999].	 The	mean	
lengths	 of	 the	 RCFs	 and	 amosite	 asbestos	 fi-
bers	 were	 22.1	 (±16.7)	 and	 13.4	(±16.7)	 µm,	
respectively.	 Forty-three	 percent	 of	 RCF	 fi-





earlier	with	 amosite	 exposure	 than	with	RCF	










ferences	 in	 the	 physical	 characteristics	 and	
biopersistence	 of	 RCF1	 and	 amosite	 asbestos	
must	be	considered	before	extrapolating	these	
animal	data	to	human	risk.
Hamsters	 showed	 a	 greater	 susceptibility	 to	
mesothelioma	induction	after	RCF1	exposure	








microscopic	 examination	 [Mast	 et	 al.	 1995a;	
McConnell	et	al.	1995,	1999].	Previous	studies	
reporting	mesotheliomas	only	by	macroscopic	
identification	 may	 have	 underestimated	 the	
mesothelioma	 incidence.	 Recent,	 short-term	
inhalation	 studies	 indicate	 that	 hamster	 me-
sothelial	 cells	 may	 have	 a	 more	 pronounced	










under	 the	 conditions	 studied,	 exposure	 to	
RCF4	may	 have	 a	 less	 pronounced	 effect	 on	
pulmonary	pathology	than	exposure	to	RCF1,	
RCF2,	 and	 RCF3.	 Rats	 exposed	 to	 RCF4	 did	
not	have	a	significant	increase	in	total	lung	tu-
mors	 compared	with	 controls;	 those	 exposed	




of	RCF4	may	 explain	 its	different	 respiratory	
effects	 from	 RCF1,	 RCF2,	 and	 RCF3.	 RCF4	
was	 produced	 by	 heating	 RCF1	 in	 a	 furnace	
at	2,400	ºF	for	24	hr.	This	Aafter-service@	fiber	
contained	 approximately	 27%	 free	 crystal-
line	 silica.	 Silicotic	 nodules	were	 observed	 in	
the	RCF4-exposed	 animals.	RCF4	fibers	were	






56	 Refractory Ceramic Fibers
5  ■		Effects of Exposure
However,	an	analysis	of	the	ratio	of	nonfibrous	
to	fibrous	particulates	in	the	reviewed	studies	
does	 not	 indicate	 a	 correlation	 between	 the	
particulate	content	and	observed	effects.	Smith	
et	al.	[1987]	performed	testing	with	the	high-
est	 particulate	 to	 fiber	 ratio	 at	 33:1	 and	 did	
not	 report	 a	 high	 tumor	 incidence.	Compar-
ing	 studies	 based	 on	 the	 ratio	 of	 nonfibrous	
particulates	to	fibers	is	complicated	by	differ-
ences	among	the	studies	 in	fiber	preparation,	
doses	 tested,	 fiber	 dimensions,	 and	 methods	
of	 fiber	 analysis.	 The	 techniques	 used	 to	 de-
tect	and	measure	nonfibrous	particulates	have	
improved	over	time	so	that	the	comparison	of	


























the	 pulmonary	 clearance	mechanisms	 of	 test	
animals.	Building	on	the	concept	of	lung	over-








The	 concept	 of	 pulmonary	 overload	 in	 the	
Fischer	344	rats	is	based	on	the	recognition	that	
excessive	particulate	 exposures	 (>1,500	µg/rat,	




the	overload	 conditions	may	 result	 in	 alveolar	
macrophages	 becoming	 engorged	 with	 par-













halation	 studies	 in	 animals,	 it	 was	 concluded	
that	the	highest	exposure	concentration	should	
produce	only	minimal	changes	in	lung	defense	





centration	 (MAC)	 [Vu	 et	 al.	 1996].	The	MAC	
is	calculated	as	the	highest	fiber	concentration	
based	on	a	90-day	study	that	results	in	signifi-
cant	 changes	 in	 alveolar	 macrophage	 clear-
ance	rates,	lung	burden	normalized	to	exposure	
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pational	 exposures	 to	 airborne	RCFs	 [Krantz	
et	 al.	 1994;	 Trethowan	 et	 al.	 1995].	However,	
Maxim	 et	 al.	 [1997]	 reported	 an	 average	






particulate-to-fiber	 ratio)	 and	 RCF1a	 (RCF1	




















clearance	 and	 inflammation.	 The	 exposure	
concentrations	were	130	fibers/ml	>20	µm	for	
RCF1	 and	 125	 fibers/ml	 >20	 µm	 for	 RCF1a.	
The	nonfibrous	content	of	RCF1	was	approxi-

















RCF1a.	 The	 RCF1a-exposed	 animals	 had	 a	
half-time	alveolar	clearance	of	80	days	(71–91)	
compared	with	 60	 days	 (49–77)	 for	 the	 con-
trols;	 clearance	 half-time	 for	 exposed	 RCF1	
animals	 was	 1,200	 days	 (573-infinity)	 com-
pared	with	66	 (58–88)	 for	 the	 corresponding	
controls.	 To	 evaluate	 respiratory	 inflamma-
tion,	 bronchoalveolar	 lavage	 (BAL)	measure-
ments	(lactose	dehyrdogenase	[LDH],	γ-gluta-
myltransferase	[γ	–GT],	total	protein,	reduced	














fibers	 in	 RCF1	 (twice	 that	 of	 RCF1a)	 could	
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)	 at	 1,	 10,	 and	 50	mg/m3	 or	 to	
glass	wool	(MMVF10)	at	3,	16,	and	30	mg/m3.	









cleared	 via	 the	 macrophages.	 When	 this	 de-
fense	 is	overwhelmed	(lung	burden	≥10	mg),	




and	disintegration	of	 long	fibers	 into	 shorter	
fibers	 or	 fragments.	 Therefore,	 clearance	 of	
long	fibers	is	not	affected	by	the	overloading	of	
macrophage-mediated	 defenses	 with	 shorter	
fibers	or	nonfibrous	particles.	
The	 exposure	 concentrations	 for	 the	 RCF	








cluded	 in	 the	 dose	 measurements.	 This	 fact	
does	complicate	efforts	to	compare	the	relative	
toxicity	 of	 fibers,	 nonfibrous	 particulate,	 and	
total	 combined	 particulate,	 especially	 regard-
ing	the	lung	overload	hypothesis.	During	pro-
duction	of	RCFs	and	RCF	products,	however,	
the	 nonfibrous	 particulate	 fraction	 is	 associ-
ated	with	the	fiber,	as	shown	in	Table	2–1	(i.e.,	
20%	to	50%	of	RCFs	by	weight	is	nonfibrous	
particulate).	 This	 suggests	 that	 occupational	
exposures	to	airborne	RCFs	necessarily	involve	
coexposures	 to	 a	 fraction	 of	 nonfibrous	 par-
ticulate,	a	suggestion	that	has	been	supported	














vivo	 experiments.	The	 second	objective	 of	 in	
vitro	studies	 is	 to	provide	data	 that	may	help	














The	 toxicity	 of	 fibers	 has	 been	 attributed	 to	
their	dose,	dimensions,	and	durability.	Any	test	
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system	that	is	designed	to	assess	the	potential	
toxicity	 of	 fibers	 must	 address	 these	 factors.	
Durability	 is	 difficult	 to	 assess	 using	 in	 vitro	
studies	 because	 of	 their	 acute	 time	 course.	
However,	in	vitro	studies	provide	an	opportu-
nity	 to	study	 the	effects	of	varying	doses	and	





toxicity	 has	 been	 documented	 and	 reviewed	
[Stanton	 et	 al.	 1977,	 1981;	 Pott	 et	 al.	 1987;	
Warheit	1994].	RCFs	may	have	different	toxici-









samples,	 indicating	 that	 length	 is	 an	 impor-
tant	factor	in	the	toxicity	of	this	fiber.	Multiple	
macrophages	 were	 observed	 attached	 along	
the	length	of	long	fibers.	Relatively	short	fibers	
(<20	 µm)	 were	 usually	 phagocytized	 by	 one	
rat	 alveolar	 macrophage	 [Luoto	 et	 al.	 1994].	
Longer	 fibers	 were	 phagocytized	 by	 two	 or	
more	macrophages.	 Incomplete	 or	 frustrated	
phagocytosis	may	play	a	role	 in	the	 increased	
toxicity	 of	 longer	 fibers.	 Long	 fibers	 (17	 µm	
average	length)	were	a	more	potent	inducer	of	
tumor	necrosis	 factor	 (TNF)	production	 and	
transcription	 factor	 activation	 than	 shorter	





Several	 of	 the	 in	 vitro	 RCF	 studies	 (summa-
rized	in	Appendix	C)	reported	a	direct	associa-
tion	between	a	longer	fiber	length	and	greater	
cytotoxicity.	 Hart	 et	 al.	 [1992]	 reported	 the	
shortest	fibers	to	be	the	least	cytotoxic.	Brown	












ing	 average	 fiber	 lengths	 from	 1.4	 to	 22	 µm,	
but	did	not	increase	with	average	lengths	from	
22	to	31	µm.
Additional	 studies	 assessing	 the	 cytotoxicity	
of	specific	RCF	fiber	lengths	are	needed.	Such	
studies	will	help	to	describe	the	association	be-
tween	fiber	 length	 and	 toxicity	 for	RCFs	 and	
may	allow	determination	of	a	threshold	length	




icity	 of	RCFs	 compared	with	 other	 fibers,	 al-
though	some	uncertainties	remain	in	the	inter-
pretation	of	these	studies	because	of	differences	
in	 fiber	 doses,	 dimensions,	 and	 durabilities.	
RCFs	 have	 direct	 and	 indirect	 effects	 on	 cells	
and	alter	 gene	 function	 in	 similar	ways.	They	
are	capable	of	inducing	enzyme	release	and	cell	
hemolysis.	They	may	decrease	cell	viability	and	




They	may	 also	 induce	 free	 radicals,	micronu-




However,	 comparisons	 are	 difficult	 to	 make	
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between	 in	 vitro	 studies	based	on	differences	
in	 fiber	 doses,	 dimensions,	 preparations,	 and	
compositions.	 Important	 information	 such	
as	 fiber	 length	 distribution	 is	 not	 always	 de-









Short-term	 in	 vitro	 studies	 cannot	 take	 into	
account	the	influence	of	fiber	dissolution	and	
fiber	 compositional	 changes	 that	 may	 occur	
over	 time.	 In	 an	 in	 vivo	 exposure,	 fibers	 are	
continually	 modified	 physically,	 chemically,	
and	structurally	by	components	of	the	lung	en-





5.3 Health Effects in Humans








adverse	health	 effects.	These	 studies	 included	
standardized	respiratory	and	occupational	his-
tory	 questionnaires,	 chest	 radiographs,	 and	




workers	 at	 seven	 RCF	 manufacturing	 plants	
[Rossiter	 et	 al.	 1994;	 Trethowan	 et	 al.	 1995;	
Burge	et	al.	1995].	A	followup	cross-sectional	
study	 conducted	 in	 1996	 evaluated	 the	 same	
medical	endpoints	in	workers	from	six	of	these	
seven	 European	 manufacturing	 plants	 (one	
plant	had	ceased	operation)	[Cowie	et	al.	1999,	








In	 the	 United	 States,	 the	 earliest	 commercial	
production	of	RCFs	and	RCF	products	began	
in	1953;	in	Europe,	RCF	production	began	in	
1968.	The	demographics	 of	 the	U.S.	 and	Eu-
ropean	 populations	 were	 similar	 at	 the	 time	
they	 were	 studied,	 although	 the	 average	 age	
of	U.S.	workers	was	 slightly	 higher	 than	 that	
of	 the	workforce	 in	 the	1986	European	 stud-
ies	because	of	 the	earlier	development	of	 this	
industry	 in	 the	United	 States.	 The	mean	 age	
for	the	European	RCF	workers	was	37.7	in	the	
1986	 study	 [Trethowan	 et	 al.	 1995]	 and	 42.0	
for	males	 and	39.4	 for	 female	workers	 in	 the	
1996	 study	 [Cowie	 et	 al.	 1999].	 In	 the	 U.S.	
RCF	manufacturing	 industry,	 the	average	age	








median	 is	 11.2	 years	 (range	 1.4	 to	 32.7)	 [Le-
masters	et	al.	1994].	
The	 following	 text	 and	Table	 5–7	 summarize	
findings	from	the	U.S.	and	European	research	
efforts,	 organized	 according	 to	 results	 from	
radiographic	examinations,	respiratory	symp-
toms,	 and	 PFTs.	 Discussion	 of	 two	 related	
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Table 5–6 . Cited studies of populations with occupational exposures to RCFs*







workers      Radiography PFT Symptoms
European:
Burge	et	al.	1995‡ Cross-sectional Current§ 532 100 0 N Y Y
Rossiter	et	al.	1994‡ Cohort	morbidity Current** 543 100 0 Y N N
Trethowanet	al.	1995‡ Cross-sectional Current 628 91 9 Y Y Y
Cowie	et	al.	1999†† Cross-sectional Current 695 90 10 Y Y Y
Former 79 85 15
United States:‡‡
Lemasters	et	al.	1994 Cross-sectional Current 627 83 17 Y N 	N






















85 15 Y Y Y
Lockey	et	al.	1996 Cohort	morbidity	 Current 370 NA NA Y N N









NA NA Y Y N N
Lockey	et	al.	1998 Cross-sectional	
and	longitudinal
Current 361‡‡‡ 100 0 N Y N
See	footnotes	on	next	page.
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mortality	 studies	 is	 also	 presented	 in	 Sec-





In	 both	 the	 European	 and	 U.S.	 studies	 cited	
in	 Table	 5–6,	 the	 study	 populations	 includ-




performed.	 In	 all	 studies,	 chest	 radiographs	
were	 read	 independently	by	 three	 readers	us-
ing	the	International	Labour	Office	(ILO)	1980 
International Classification of the Radiographs 
of Pneumoconioses	 [ILO	 1980].	 Identifiers	 on	
films	were	masked	to	ensure	a	blind	review	by	
readers,	and	quality	control	measures	and	tests	















was	 recognized	 because	 of	 other	 exposures:	
52%	 of	 workers	 reported	 previous	 employ-










pleural	 abnormalities	 in	 10%	 (78/774)	 and	
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pleural	plaques	in	5%	(40/774)	of	study	partic-
ipants.	In	the	U.S.	study,	23	cases	with	pleural	

















18	 (4.1%)	 production	 workers	 and	 2	 (0.9%)	
nonproduction	workers.	The	two	nonproduc-
tion	workers	with	pleural	plaques	had	worked	
with	 RCFs	 as	 laboratory	 technicians.	 From	
statistical	 analyses	 of	 pleural	 abnormalities,	
Rossiter	 et	 al.	 [1994]	 reported	 an	 association	




noted	 that	pleural	 abnormalities	were	 related	
to	age	but	not	independently	to	ceramic	fiber	
exposures.	Cowie	et	al.	 [1999,	2001]	reported	
pleural	 abnormalities	 to	 be	 associated	 with	
age,	 exposure	 to	 asbestos,	 and	body	mass	 in-
dex	(weight	divided	by	height	squared).	When	
the	data	were	unadjusted	 for	 age,	 an	associa-
tion	existed	between	pleural	changes	and	years	






for	 >10	 to	 20	 years	 of	 RCF	 latency,	 and	 7.7	






weight,	 and	 latency	 and	 duration	 of	 asbestos	
exposure.	The	positive	association	persisted	af-
ter	 exclusion	 of	workers	 exposed	 to	 asbestos.	
In	multiple	logistic	regression	analyses,	an	as-




ters	 et	 al.	 1994].	 In	 subsequent	 analyses	with	
adjustment	for	age,	researchers	found	that	as-
sociations	 persisted	 between	 pleural	 plaques	
and	 latency	 and	 duration	 of	 RCF	 exposure	
[Lockey	et	al.	1996].	In	three	separate	analyses,	





duction	 jobs	 (OR=22.3	 [95%	 CI=3.6–
137.0])	
■	 Cumulative	RCF	exposure	in	the	highest	
exposure	 category	 (>135	 fiber-months/
cm3)	(OR=24.2	[95%	CI=2.6–224.9])
Results	 of	 a	 nested	 case-control	 study	 of	 the	
20	workers	with	pleural	 plaques	 (matched	 to	
3	controls	based	on	sex,	RCF	employment	sta-
tus,	and	production/nonproduction	category)	
support	 the	 associations	 of	 pleural	 changes	
with	 RCF	 latency,	 RCF	 exposure	 duration,	
and	 cumulative	 RCF	 exposure	 [Lockey	 et	 al.	
1996].	A	latency	validity	review	was	also	con-
ducted,	 involving	 analysis	 of	 205	 historical	
chest	 radiographs	 available	 for	 workers	 with	
pleural	 changes.	 The	 purpose	 of	 the	 review	
was	 to	 confirm	 that	 for	persons	with	pleural	
plaques,	a	biologically	plausible	latency	period	
(≥5	 years)	 existed	 between	 initial	 RCF	 expo-
sure	and	appearance	of	a	pleural	plaque.	Of	18	
pleural	plaque	cases	for	which	historical	chest	
76	 Refractory Ceramic Fibers





included	 chest	 radiographs	 for	 625	 current	
workers	obtained	every	3	years	at	5	RCF	man-
ufacturing	 sites	 and	 383	 former	 workers	 at	
2	of	 the	 5	 sites.	Pleural	 changes	were	 seen	 in	
27	workers	(2.7%),	of	which	19	were	bilateral	






and	 RCF	 exposure	 duration	 in	 a	 production	
job	and	cumulative	RCF	exposure.	
5.3.2.2 Parenchymal Opacities
In	 the	 1987	 European	 study,	 Rossiter	 et	 al.	
[1994]	found	that	7%	(38/543)	of	the	current	
male	 workers	 had	 small	 parenchymal	 opaci-
ties	with	median	profusion	of	1/0	or	more.	No	
large	 parenchymal	 opacities	 were	 observed.	
Both	predominantly	rounded	(n=23,	or	4.2%)	
and	predominantly	irregular	(n=15,	or	2.8%)	
small	 parenchymal	 opacities	 were	 identified.	
Prevalence	 of	 rounded,	 small	 opacities	 was	
not	 associated	with	 age	 (P=0.87)	 or	 produc-
tion	plant	(P=0.53).	However,	with	prevalence	
of	opacities,	stronger	associations	existed	with	




but	 not	 with	 production	 plant	 (P=0.23).	Af-
ter	allowing	for	age,	associations	with	current	
nonrespirable	fiber	concentrations,	years	since	
first	 RCF	 employment,	 and	 duration	 of	 RCF	
















es	 (n=4)	 identified	by	Lemasters	 et	 al.	 [1994,	
1996].	
5.3.3 Respiratory Conditions and 
Symptom Analyses
Using	 respiratory	 health	 questionnaires,	 the	
U.S.	and	European	studies	sought	to	identify	re-
spiratory	conditions	and	symptoms	that	could	
be	 associated	with	 exposure	 to	RCFs.	 Lockey	
et	 al.	 [1993]	 administered	 to	 717	 subjects	 a	
standardized	 respiratory	 symptoms	question-
naire	 that	 included	 questions	 about	 the	 fol-
lowing	 symptoms	 and	 conditions:	 chronic	
cough,	 chronic	 phlegm,	 dyspnea	 grades	 1	
and	2	(described	in	the	Definitions	section	of	
this	 document),	 wheezing,	 asthma,	 pleurisy,	
and	 pleuritic	 chest	 pain.	 Logistic	 regression	
analyses	 were	 adjusted	 for	 age,	 sex,	 smoking	
(pack	 years),	 duration	 of	 asbestos	 exposure,	
duration	of	production	employment,	duration	
of	 other	 hazardous	 occupational	 respiratory	







RCF	workers	by	Lemasters	 et	 al.	 [1998]	 indi-
cated	that	the	prevalence	of	respiratory	symp-
toms	and	conditions	(except	 for	asthma)	was	
approximately	 twofold	 to	 fivefold	 higher	 in	
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production	 than	 in	 nonproduction	 workers.	













RCF	 exposure	 estimates	 among	 628	workers.	




all	 plants	 and	 increased	 significantly,	 as	 did	
dyspnea	 and	wheeze,	with	 increasing	 current	
exposure	 concentrations	 (i.e.,	 0.2	 to	 0.6	 and	
≥0.6	 f/cm3)	after	controlling	 for	age,	 sex,	and	
smoking	 habits.	 The	 most	 frequent	 symp-
tom,	 nasal	 stuffiness	 (in	 55%	 of	 the	 group),	
showed	 no	 clear	 association	 with	 increasing	




and	 skin	 irritation	 all	 seemed	 to	 be	 associat-
ed	with	 increasing	 exposure,	 especially	 at	 the	
highest	 exposure	 concentration	 (≥0.6	 f/cm3).	
Analyses	of	cumulative	exposure	to	respirable	
fibers	 showed	 statistically	 significant	 associa-












Only	 skin	 irritation	 was	 significantly	 associ-
ated	 with	 current	 RCF	 exposure	 after	 con-
trolling	for	exposure	to	inspirable	dust.	Burge	
et	al.	 [1995]	 did	 not	 analyze	 the	 relationship	






5.3.4 Pulmonary Function Testing
Trethowan	 et	 al.	 [1995]	 analyzed	 spirometry	








Results	 associated	 cumulative	RCFs	with	 sta-












further	 analyzed	 the	 spirometry	 data	 from	
the	 European	 study	 to	 discern	 whether	 the	
observed	 effects	 were	more	 highly	 associated	
with	 current	 respirable	 RCF	 exposure	 than	
with	concurrent	inspirable	dust	exposure.	In	a	
multiple	linear	regression	model	that	excluded	
cumulative	 inspirable	 dust	 exposure,	 statisti-







among	 former	 smokers	 were	 associated	 with	
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cumulative	 exposure	 to	 respirable	RCFs.	 In	 a	
multiple	linear	regression	model	that	included	
variables	 for	 cumulative	dust	 and	 cumulative	
respirable	 RCFs,	 the	 only	 statistically	 signifi-
cant	 (P<0.05)	 association	 for	 these	 variables	









smokers	 to	 the	 fiber	 component	 of	 occupa-
tional	 dust	 exposures	 at	 RCF	manufacturing	
plants.	
Cowie	et	al.	 [1999,	2001]	observed	that	RCF-
exposed	 male	 workers	 (n=692)	 showed	 a	
decrease	 in	 FEV
1
	 and	 FVC	 only	 for	 current	
smokers,	 the	 strongest	association	being	with	















736	male	 and	 female	 current	 workers	 at	 five	
U.S.	 RCF	 plants.	 They	 reported	 decreases	 in	




Although	 the	 decreases	 were	 greatest	 among	
current	male	smokers	and	former	male	smok-
ers,	they	were	greater	than	decreases	associated	









the	 analysis	 according	 to	 the	 criteria	 above	
were	on	average	older,	smoked,	weighed	more,	
and	 had	 lower	 height-adjusted	 and	 percent-
predicted	lung	function	values.	Cross-sectional	
analysis	of	the	initial	pulmonary	function	ses-
sion	 in	 a	 regression	 model	 included	 coeffi-















results	 led	 the	authors	 to	conclude	 that	more	
recent	 exposure	 concentrations	during	1980–
1994	 had	no	 adverse	 effect	 on	 the	 longitudi-
















tively	new	 industry	 (40	years	 at	 the	 time	of	
the	study)	that	has	experienced	recent	growth	
of	the	workforce	at	the	plants	studied,	person-
years	 at	 risk	 were	 limited	 at	 higher	 latencies	
(for	 example,	 only	 126.37	 person-years	 with	
>30	years	since	first	RCF	job).	Using	standard-
ized	mortality	ratios	(SMRs),	the	authors	found	
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the	 combined-race	 cohort	 to	 have	 no	 signifi-
cant	 elevations	 associated	with	 specific	 causes	
of	death,	including	cancers	of	the	lung,	digestive	
organs	 and	 peritoneum,	 urinary	 organs,	 and	
pneumoconioses	and	other	respiratory	disease.	









elevation	 in	deaths	 from	cancers	of	 the	diges-
tive	 organs	 and	 peritoneum	 also	 occurred	 for	
non-Caucasian	 males	 (n=2,	 SMR=913	 [95%	
CI=110–3,295]).	In	addition,	a	statistically	sig-
nificant	 elevation	 occurred	 in	 the	 number	 of	






RCF	 manufacturing	 facilities	 (942	 subjects)	






fiber-months/cm3	 exposure	 among	 the	 RCF	
cohort,	adjusted	for	age	at	hire	and	for	race.	
The	analysis	found	no	excess	mortality	relat-
ed	 to	 all	 deaths,	 all	 cancers,	 or	malignancies	
or	diseases	of	the	respiratory	system	(includ-
ing	 mesothelioma)	 but	 found	 a	 statistically	
significant	 association	 with	 cancers	 of	 the	
urinary	organs	[SMR=344.8	(95%	confidence	
limits	 of	 111.6,	 805.4)].	 Based	 on	 the	 small	
size	 of	 the	 cohort,	 the	 young	 average	 age	
(51	 years),	 and	 a	mean	 latency	 of	 21	 years,	
the	 researchers	 concluded	 that	 the	 findings	
warrant	continued	surveillance	of	the	cohort	
mortality	registry.	





ity	 experience	 to	 that	which	would	 have	 been	
expected	 if	 RCFs	 had	 a	 carcinogenic	 potency	
approximating	 various	 forms	 of	 asbestos.	 The	
authors	reported	that	deaths	from	lung	cancer	
in	the	RCF	cohort	were	statistically	significantly	
below	 that	 which	 would	 be	 expected	 if	 RCFs	
had	the	potency	of	either	crocidolite	or	amosite.	
The	mortality	was	also	lower	than	would	be	ex-
pected	 if	 RCFs	 had	 the	 potency	 of	 chrysotile,	
but	the	difference	is	not	statistically	significant.	
For	mesothelioma,	 the	 authors	 concluded	 the	
anticipated	 numbers	 of	 deaths	 under	 hypoth-
eses	of	asbestos-like	potency	are	too	small	to	be	






to	 studies	 with	 longer	 followup	 periods	 than	
the	cohort	of	RCF	workers.	Because	these	mod-





asbestos	 cohorts.	 NIOSH	 believes	 the	mortal-
ity	study	by	Lemasters	et	al.	[2003]	and	the	risk	
analysis	by	Walker	et	al.	[2002]	have	insufficient	




cy,	NIOSH	performs	HHEs	 at	 the	 request	 of	
workers,	employers,	or	 labor	organizations	 to	
investigate	 occupational	 hazards	 associated	
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with	a	workplace	or	work-related	activity.	One	
such	 HHE	 involved	 evaluating	 worker	 expo-
sures	to	ceramic	fibers	at	a	company	manufac-
turing	steel	 forgings	[Kominsky	1978].	At	the	
facility,	 furnaces	 for	heat-treating	 steel	 ingots	
were	lined	with	RCF	felt	and	batting,	and	this	
lining	 required	 regular	 maintenance	 and	 re-




areas	 and	 of	 the	 throat	 during	 the	 handling	
and	installation	of	the	RCF-containing	insula-
tion.	On	 the	basis	 of	 the	 reported	 symptoms	












crystalline	 silica	 dust,	 and	 (for	 maintenance	
workers)	 asbestos.	 A	 total	 of	 38	workers	 had	
been	 referred	 to	 a	 pulmonary	 physician	 for	
evaluation	 based	 on	 2	 rounds	 of	 chest	X-ray	
screening	of	the	workforce	 in	1980	and	1986.	




these	 cases	were	 classified	 as	work-related	 by	
the	 pulmonologist	 who	 evaluated	 the	 cases.	
The	 nonoccupational	 classification	 of	 some	
of	the	remaining	18	cases	was	questioned	by	a	
NIOSH	physician	who	performed	a	retrospec-
tive	 record	 review.	 The	 38	 cases	 were	 reclas-
















pleural	 plaques,	 and	 RCF	 exposure	 [Lemas-






the	findings	of	 the	U.S.	 studies	and	 those	of	
the	initial	European	studies	may	be	related	to	
the	long	latency	before	pleural	abnormalities	









are	 slightly	 older	with	 a	 longer	 average	 em-
ployment	duration	in	RCF	manufacturing	and	
time	 since	first	 exposure	 to	RCFs.	Historical	
air	sampling	data	also	 indicate	that	airborne	





sible	 explanation	may	 involve	 differences	 in	
the	radiographic	surveillance	methodologies.	
Both	the	U.S.	and	the	European	studies	used	
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only	 view	 to	 determine	 reliability,	 sensitivity,	
and	specificity	of	each	method	[Lawson	et	al.	
2001].	The	 evaluation,	 involving	652	 subjects	
in	 the	RCF	 study,	 showed	 the	film	 triad	had	
considerably	 higher	 interreader	 reliabil-
ity	 (κ=0.59)	 than	 the	 posteroanterior-only	
method	(κ=0.44).	The	authors	concluded	that	
the	 film	 triad	method	 provides	 an	 optimum	
approach.	








were	 believed	 to	 account	 for	 many	 of	 these	



















ing.	 Exposure	 to	 RCF	 concentrations	 in	 the	
range	of	 0.2	 to	0.6	 f/cm3	was	 associated	with	






demonstrated	 for	 RCF	 exposure	 concentra-
tions	greater	than	0.6	f/cm3	compared	with	ex-
posure	 concentrations	<0.2	 f/cm3	 for	wheeze	
(P<0.0001),	 dyspnea	 (P<0.05),	 eye	 irritation	
(P<0.0001),	skin	irritation	(P<0.0001),	and	dry	
cough	(P<0.05)	but	not	stuffy	nose	or	chronic	




exposure	 to	 ≤15	 fiber	 months/cm3	 (dyspnea	
grade	 1COR=2.1,	 95%	 CI=1.3–3.3;	 dyspnea	
grade	2—OR=3.8,	95%	CI=1.6–9.4).	Lockey	et	
al.	[1993]	also	found	statistically	significant	as-
sociations	 between	 cumulative	RCF	 exposure	
and	chronic	cough	(OR=2.0,	95%	CI=1.0–4.0)	
and	pleurisy	(OR=5.4,	95%	CI=1.4–20.2).	Le-
masters	 et	 al.	 [1998]	 also	 noted	 associations	
(P<0.05)	 between	 employment	 in	 an	 RCF	
production	 job	 and	 increased	 prevalence	 of	
dyspnea	 and	 the	 presence	 of	 at	 least	 one	 re-
spiratory	 symptom	 or	 condition.	 Recurrent	
chest	illness	in	the	European	cohort	was	asso-
ciated	with	cumulative	exposure	to	respirable	
fibers	 and	was	most	 strongly	 associated	with	
cumulative	exposure	to	respirable	dust	[Cowie	
et	al.	1999].	
In	 cross-sectional	 analyses	 involving	 spiro-





rements	 among	 current	 and	 former	 smok-
ers.	 The	 1996	European	 study	 demonstrated	
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decrements	in	current	smokers	only	[Cowie	et	
al.	1999].	The	observed	decreased	pulmonary	
function	 in	 the	 European	 workers	 remained	
significantly	 associated	 with	 cumulative	 RCF	
exposure,	 even	 after	 controlling	 for	 cumula-
tive	 exposure	 to	 inspirable	 dust	 [Burge	 et	 al.	
1995].	 A	 longitudinal	 analysis	 of	 data	 from	
multiple	PFTs	by	Lockey	et	al.	 [1998]	 led	 the	
researchers	to	conclude	that	exposures	to	RCFs	
between	 1987	 and	 1994	 were	 not	 associated	
with	decreased	pulmonary	function.	The	find-
ings	from	the	U.S.	and	European	studies	sug-
gest	 that	 decrements	 in	 pulmonary	 function	
observed	in	current	and	former	smokers	result	
from	 an	 interactive	 effect	 between	 smoking	
and	RCF	exposure.
5.4 Carcinogenicity Risk  
Assessment Analyses
The	literature	contains	three	significant	 inde-
pendent	 risk	 analyses	 of	 occupational	 expo-
sure	 to	 RCFs	 and	 potential	 health	 effects.	 In	
each	of	 these	analyses,	health	effects	data	de-
rived	 from	multidose	 and	MTD	 studies	with	
rats	were	used	with	models	to	extrapolate	risks	






include	 the	 following	 studies:	 Dutch	 Expert	
Committee	 on	Occupational	 Standards	 (DE-





evaluating	 the	 health	 effects	 of	 occupational	
exposure	 to	SVFs.	The	purpose	of	 the	 report	
was	 to	 establish	 health-based	 recommended	
occupational	exposure	limits	for	specific	types	
of	 SVFs.	As	one	of	 the	 criteria	 for	determin-
ing	the	airborne	exposure	limits	for	six	distinct	
types	of	SVFs,	risk	assessments	were	performed	





ommended	 occupational	 exposure	 limit	 was	
determined	using	the	following	rationale:
1.	If	 the	 carcinogenic	 potential	 of	RCFs	 is	
caused	 by	 a	 nongenotoxic	 mechanism,	
an	occupational	 exposure	 limit	 of	 1	 re-
spirable	f/cm3	as	an	8-hr	TWA	should	be	
recommended	 based	 on	 an	NOAEL	 of	
25	f/cm3	and	a	safety	factor	of	25.










associated	with	 exposure	 to	 0.056	 f/cm3,	 and	
a	 linear	 extrapolation	 indicated	 that	 occupa-
tional	exposure	to	1	respirable	f/cm3	as	an	8-hr	
TWA	 for	 40	 years	 is	 associated	with	 a	 cancer	
risk	of	7×10-4.	
The	DECOS	analysis	relied	on	the	data	from	a	
long-term	multidose	 study	with	 rats	 exposed	
to	kaolin	ceramic	fibers	[Bunn	et	al.	1993;	Mast	
et	 al.	 1995b].	 These	 data	 showed	 that	 expo-
sure	by	 inhalation	 to	25	 f/cm3	 (3	mg/m3)	 for	
24	months	 produced	 a	 negligible	 amount	 of	
fibrosis	 (mean	Wagner	 score	 of	 3.2).	 Conse-
quently,	the	Dutch	committee	viewed	25	f/cm3	
as	 the	 NOAEL	 for	 fibrosis.	 The	 report	 also	
notes	that	at	 the	time	of	publication,	no	data	
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5.4.2 Fayerweather et al. [1997]
Fayerweather	 et	 al.	 [1997]	 conducted	 a	 study	
primarily	 focusing	 on	 the	 risk	 assessment	 of	
occupational	 exposures	 for	 glass	fiber	 insula-
tion	 installers.	 They	 performed	 risk	 analyses	
with	 several	 other	 types	 of	 SVFs,	 including	
RCFs.	Only	the	analysis	with	RCFs	is	present-
ed	 here.	 This	 analysis	 applied	 an	EPA	 linear-





no	more	 than	one	additional	 cancer	 case	per	
100,000	 exposed	 persons.	 Nonlinear	models	




ing	 the	 nonlinear,	 threshold	 dose-response	
curve).	 Fiber	 inhalation	 by	 rats	 was	 equated	
to	 humans	 by	 determining	 the	 fibers/day·kg	







for	 developing	 lung	 cancer	 over	 the	 work-
ing	 lifetime	 at	 an	 exposure	 concentration	 of	
1	 f/cm3	 [RCFC	 1998].	 Using	 the	 nonlinear	
models,	 estimates	 of	 nonsignificant	 expo-
sures	(i.e.,	a	working	lifetime	exposure	associ-
ated	with	 no	more	 than	 1	 additional	 cancer	
case/100,000	 exposed	persons)	were	2	 and	3	
orders	 of	 magnitude	 higher.	 Conversely,	 the	




5.4.3 Moolgavkar et al. [1999]
This	report	describes	a	quantitative	assessment	
of	 the	risk	of	 lung	cancer	associated	with	oc-



















rats.	An	MVK	model	 for	human	 lung	 cancer	
was	 then	 created	 by	 fitting	 the	model	 to	 the	
age-specific	lung	cancer	incidence	for	either	of	
two	human	 cohorts.	 Finally,	 the	human	 lung	





rats.	 The	 assumption	was	made	 that,	 for	 any	
given	tissue	dose,	the	proportional	increase	in	
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cause	 of	 the	 difference	 in	 the	 baseline	 lung	
cancer	 risk,	 risk	 estimates	 based	 on	 the	 Steel	
Industry	 cohort	 were	 approximately	 4	 times	
higher	 than	 those	 based	 on	 the	 ACS	 cohort.	
Both	 central	 estimates	 (maximum	 likelihood	
estimates	[MLEs])	and	95%	upper	confidence	
limits	 (UCLs)	 were	 developed.	 Three	 equa-
tions	were	 tested	 to	 describe	 the	 relationship	







B	 are	 constants	 (different	 for	 each	 model).	
With	 each	 equation,	 calculations	were	made	
to	determine	the	excess	risk	for	a	worker	aged	











timates	 of	 excess	 risk	 of	 4.1×10-6	 (MLE)	 and	
1.2×10-5	(95%	UCL)	for	the	ACS	cohort,	and	
1.4×10-5	 (MLE)	 and	4.3×10-5	 (95%	UCL)	 for	















mates	 at	 each	 of	 the	 three	 exposure	 concen-














9.1×10-5),	 and	 2	 orders	 of	 magnitude	 lower	
using	 the	 quadratic	 model	 (MLE=3.5×10-6,	
95%	 UCL=1.1×10-5).	 At	 the	 lowest	 exposure	














risk	 assessment,	 the	 steel	 industry	 cohort	may	
be	 the	 preferable	 cohort	 to	 use	 for	 estimating	
the	risks	from	occupational	exposures	to	RCFs.
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The	Moolgavkar	et	al.	[1999]	report	also	indi-




and	using	 the	MVK	model	 for	both	 the	ACS	
cohort	 and	 the	 steel	 industry	 cohort.	 With	
the	 DECOS	 [1995]	 linearized,	 nonthreshold	
model	approach,	an	excess	lifetime	cancer	risk	
of	 10-4	 was	 calculated	 to	 result	 from	 a	 fiber	
concentration	of	0.14	f/cm3.	Using	the	linear-
ized,	multistage	model	approach	described	in	




cancer	 risk	 of	 10-4	 was	 determined	 for	 fiber	





in	 the	analysis	by	Moolgavkar	et	 al.	 [1999]	 is	
a	methodological	 improvement	 over	 the	 risk	




known	 differences	 between	 rats	 and	 humans	
in	fiber	deposition	and	clearance.	Similarly,	us-
ing	an	MVK	model	for	dose-response	estima-
tion	 could	 compensate	 for	 differences	 in	 cell	
mutation	 and	 proliferation	 rates	 in	 rats	 and	
humans.	 However,	 some	 key	 parameter	 val-
ues	 in	 the	MVK	 and	 lung	 dosimetry	models	
are	poorly	known.	For	example,	the	dosimetry	
model	 for	 humans	 has	 been	 validated	 with	
only	 three	 human	 tissue	 samples	 taken	 from	
workers	 whose	 exposures	 to	 RCFs	 were	 not	
measured	[Yu	et	al.	1997].	
A	 review	 and	 comparison	 of	 risk	 modeling	







Table 5–10 . Estimates (MLE* and 95% UCL) of excess risk of lung cancer at three exposure concentrations 
using exponential, quadratic, and linear models for an ACS cohort and a steel industry cohort
Exposure
ACS cohort Steel industry cohort













































95%	UCL 1.2×10-5 7.5×10-7 3.6×10-5 4.6	×10-5 2.7×10-6 1.4×10-3
Adapted	from	Moolgavkar	et	al.[	1999].
*Abbreviations:	ACS=American	Cancer	Society;	MLE=maximum	likelihood	estimate;	UCL=	95%	upper	confidence	limit.
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A	 common	weakness	 among	 all	 three	 of	 the	








case	 of	 asbestos	 fibers,	 humans	 are	 approxi-













physicochemical	 characteristics	 which	 differ	
from	those	of	RCFs,	these	findings	raise	ques-
tions	about	using	experimental	animal	data	for	






because	 of	 several	 basic	 assumptions	 made	
in	 the	 lung	 tissue	 dosimetry.	 Tissue	 dosim-
etry	modeling	in	the	Moolgavkar	et	al.	[1999]	









ute.	Additional	 information	might	 be	 gained	
from	assuming	an	exposure	period	of	8	hr/day,	
5	days/week,	50	weeks/year,	from	age	20	to	65,	
with	 a	 breathing	 rate	 matching	 the	 Interna-
tional	Commission	on	Radiological	Protection	
“Reference	Man”	 value	 for	 light	work,	 which	
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comparative	measures	of	toxicity	for	different	
agents.	 RCFs	 implanted	 into	 the	 pleural	 and	
abdominal	 cavities	 of	 various	 strains	 of	 rats	
and	 hamsters	 have	 produced	mesotheliomas,	
sarcomas,	and	carcinomas	at	the	sites	of	fiber	
implantation	[Wagner	et	al.	1973;	Davis	et	al.	
1984;	 Pott	 et	 al.	 1987].	 Similar	 tumorigenic	
responses	have	been	observed	following	intra-








et	 al.	 1993;	 Lemasters	 et	 al.	 1998].	 However,	
in	 epidemiologic	 studies	 of	 workers	 in	 RCF	
manufacturing	facilities	[Lemasters	et	al.	1994;	












exposure	 to	nonfibrous	dust.	Yet	 in	PFTs,	 the	
interactive	 effect	 between	 smoking	 and	 RCF	
exposure	 was	 especially	 pronounced,	 based	
on	 the	 finding	 that	 RCF-associated	 decreases	
6.1  Significance of Studies 
with RCFs
Three	 major	 sources	 of	 data	 contributing	 to	
the	 literature	 on	 RCFs	 are	 (1)	 experimental	
studies	with	animals	and	in	vitro	bioassays,	(2)	
epidemiologic	studies	of	populations	with	oc-
cupational	 exposure	 to	RCFs	 (primarily	 dur-
ing	manufacturing),	 and	 (3)	 exposure	assess-




mation	 is	 considered	 integral	 to	 this	 criteria	
document	 for	 providing	 a	more	 comprehen-




significant	 increases	 in	 the	 induction	of	 lung	
tumors	in	rats	and	mesotheliomas	in	hamsters	
[Mast	 et	 al.	 1995a,b;	McConnell	 et	 al.	 1995].	




ods	 have	 also	 been	 used	 in	 animal	 studies	
with	 RCFs	 to	 determine	 the	 potential	 effects	
of	these	fibers	on	target	tissues.	These	studies	
have	recognized	limitations	for	interpreting	re-




demonstrating	 mechanisms	 of	 toxicity	 and	
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in	 pulmonary	 function	 were	 limited	 to	 cur-
rent	and	 former	 smokers	 [Lockey	et	al.	1998;	
Lemasters	 et	 al.	 1998;	 Trethowan	 et	 al.	 1995;	
Burge	 et	 al.	 1995].	 The	 interactive	 effect	 be-
tween	 exposure	 to	 airborne	 fibers	 and	 ciga-
rette	 smoke	has	been	previously	documented	







nary	 function	were	more	 strongly	 influenced	
by	the	higher	exposures	to	airborne	RCFs	that	








of	 airborne	 exposures	 to	 RCFs	 in	 the	 work-
place.	 Current	 and	 historical	 environmental	







1965;	 Lippmann	 1990;	 Baron	 1996]).	 These	
exposures	occur	in	primary	RCF	manufactur-
ing	as	well	as	 in	secondary	 industries	 such	as	
RCF	 installation	 and	 removal.	 Sampling	data	
from	studies	of	domestic,	primary	RCF	manu-











ranging	 from	<LOD	to	0.66	 f/cm3	 in	 the	 late	











tridymite,	 and	 cristobalite	 during	 work	 with	
RCFs,	 exposure	monitoring	 data	 indicate	 that	
these	 exposures	 are	 generally	 low	 [Rice	 et	 al.	
1994].	Maxim	et	 al.	 [1999b]	 report	 that	many	
airborne	 samples	 of	 crystalline	 silica	 collected	
during	 the	 installation	 and	 removal	 of	 RCF	
products	 contain	 concentrations	 below	 the	
LOD,	with	average	concentrations	of	respirable	
crystalline	 silica	 per	 measurable	 task	 ranging	
from	0.01	to	0.44	mg/m3	(equivalent	8-hr	TWA	
range=0.004	 to	 0.148	mg/m3).	 Other	 studies	
have	shown	greater	potential	for	exposure	to	re-
spirable	crystalline	silica	(especially	in	the	form	








6.2  Factors Affecting Fiber 
Toxicity
To	 accurately	 interpret	 the	 results	 of	 experi-
mental	and	epidemiologic	studies	with	RCFs,	
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it	 is	 important	 to	consider	recognized	 factors	
that	contribute	 to	fiber	 toxicity	 for	RCFs	and	









6.2.1  Fiber Dose
The	measurement	of	airborne	fiber	concentra-
tions	 is	 frequently	used	as	a	 surrogate	 for	as-
sessing	dose	and	health	risk	to	workers.	Analy-
ses	of	historical	and	current	air	sampling	data	













exposure,	 it	 is	difficult	 to	determine	 the	 rela-
tive	 contributions	 of	 the	 airborne	 fibers	 and	
nonfibrous	 particulates	 to	 the	 adverse	 effects	
observed	in	humans	and	animals.	It	has	been	
postulated	that	the	nonfibrous	particulates	may	




have	 suggested	 that	 the	health	 effects	 seen	 in	
RCF-exposed	 workers	 are	 a	 consequence	 of	
combined	particulate	and	fiber	exposure,	but	
the	 decrements	 in	 lung	 function	 are	more	 re-
lated	to	fiber	exposure	combined	with	smoking.	
Other	 studies	 have	 shown	 that	 for	 processes	
associated	with	 higher	 concentrations	 of	 air-
borne	 respirable	fibers,	 there	 is	 also	a	greater	
concentration	of	total	and	respirable	dust	[Es-
men	et	al.	1979;	Krantz	et	al.	1994].
6.2.2  Fiber Dimensions
Throughout	 the	 literature,	 studies	 support	
the	 theory	 that	 fiber	 toxicity	 is	 related	 to	 fi-
ber	 dimensions	 [Timbrell	 1982,	 1989;	Harris	
and	Timbrell	1977;	Stanton	et	al.	1977,	1981;	





upper	 airways	 by	 the	mechanisms	 of	 impac-
tion	[Yu	et	al.	1986]	or	interception.	Timbrell	
[1965]	suggested	that	direct	interception	plays	




via	 the	 mucociliary	 escalator.	 Thinner	 fibers	
tend	to	maneuver	past	airway	bifurcations	into	
smaller	and	smaller	airways	until	their	dimen-










geometry	 of	 a	 fiber	 influence	 its	 deposition	
in	the	respiratory	tract,	the	fiber’s	length	and	
chemical	properties	dictate	 its	 clearance	and	
retention	 once	 it	 has	 been	 deposited	 within	
the	alveolar	region.	For	the	fiber	that	traverses	
the	respiratory	airways	and	is	deposited	in	the	
gas	 exchange	 region,	 possible	 fates	 include	
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dissolution,	clearance	via	phagocytic	cells	(al-
veolar	macrophages)	 in	 the	 alveoli,	 or	 trans-
location	 through	membranes	 into	 interstitial	
tissues.	 Both	 test	 animals	 and	 workers	 have	
been	exposed	to	RCFs	of	similar	length	and	di-
ameter	[Allshouse	1995],	and	these	exposures	













fects	 is	well	documented	and	reviewed	 in	 the	
literature	[Stanton	et	al.	1977,	1981;	Pott	et	al.	
1987;	Warheit	1994].	Stanton	et	al.	[1977]	hy-















actions—although	 a	 distinct	 difference	 exists	
in	the	long-term	effects	because	of	differential	







ratory	 tract.	 The	 ability	 of	 the	 macrophages	
to	 clear	 fibers	 is	 size-dependent.	 Short	 fibers	
(<15	 µm	 long)	 can	 usually	 be	 phagocytized	
by	 one	 rat	 alveolar	macrophage	 [Luoto	 et	 al.	















fibers	with	those	found	in	the	 lungs,	 it	 is	 im-
portant	 to	 consider	 the	preferential	 clearance	
of	 shorter	fibers	as	well	as	 the	effects	of	fiber	
dissolution	and	breakage.	Yu	et	al.	[1996]	eval-












increase	might	 also	 be	 explained	 by	 the	 lon-
gitudinal	 cleavage	 pattern	 of	 asbestos	 fibers,	
which	 results	 in	 longer	 fibers	 of	 decreasing	
diameters	[Coin	et	al.	1992].	By	contrast,	any	
breakage	of	RCFs	would	occur	perpendicular	
to	 the	 longitudinal	plane,	resulting	 in	shorter	
fibers	of	the	same	diameter.	For	the	clearance	
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model	 developed	 by	Yu	 et	 al.	 [1996],	 the	 ef-
fect	 of	 fiber	 breakage	was	 also	 assessed	 from	




size	 distribution	 in	 the	 lung.	This	 result	 sug-
gests	that	the	dimensions	of	fibers	in	the	lung	
are	closely	related	to	the	dimensions	of	fibers	




The	 dimensions	 of	 airborne	 fibers	 have	 also	






et	 al.	 1979].	The	 study	 showed	 that	 diameter	














rable	 size	 range	 (i.e.,	 diameter	 <3	μm),	 with	
median	diameters	 ranging	0.5	 to	1.0	μm	and	
median	 lengths	 from	8	 to	23	μm.	During	 re-
moval	 of	 RCF	 products,	 Cheng	 et	 al.	 [1992]	
found	that	87%	of	airborne	fibers	were	within	
the	respirable	size	range,	with	fiber	diameters	
ranging	 from	 0.5	 to	 6	 μm	 (median	 diame-
ter=1.6	μm)	and	fiber	lengths	ranging	from	5	
to	220	μm.	Another	study	[Perrault	et	al.	1992]	







Biopersistence	 (and	 specifically	 the	 retention	
time	 of	 the	 fiber	 in	 the	 lungs)	 is	 considered	
to	be	an	important	predictor	of	fiber	toxicity.	
Fiber	 solubility	 affects	 the	 biopersistence	 of	
fibers	 deposited	within	 the	 lung	 and	 is	 a	 key	
determinant	of	fiber	toxicity.	Bender	and	Had-
ley	[1994]	suggest	that	some	of	the	important	
considerations	 of	 fiber	 durability	 include	 the	
following:
■	 Fiber	 size—particularly	 length	 as	 it	 re-
lates	 to	 the	 dimensions	 of	 the	 alveolar	
macrophages
■	 Fiber	dissolution	rate
■	Mechanical	 properties	 of	 the	 fibers,	 in-
cluding	partially	dissolved	and/or	digest-
ed	fibers
















tal	 studies.	 Hammad	 et	 al.	 [1988]	 sacrificed	
rats	 exposed	 to	 either	 slag	 wool	 or	 ceramic	
fibers	 via	 inhalation	 at	 5,	 30,	 90,	 180,	 or	 270	
days	after	exposure.	The	lungs	of	the	animals	
were	 ashed	 in	 a	 low-temperature	 asher,	 and	
the	fiber	content	of	the	lungs	was	evaluated	by	
PCM.	The	researchers	 found	that	24%	of	 the	
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deposited	RCFs	persisted	 in	 the	 lungs	of	 rats	
sacrificed	270	days	following	exposure.	In	the	
same	 study,	 the	 lungs	 of	 rats	 exposed	 to	 slag	
wool	contained	only	6%	of	the	slag	wool	fibers	
270	days	after	exposure	compared	with	 those	
sacrificed	 5	 days	 following	 inhalation.	 From	
these	 results,	 it	was	concluded	 that	RCFs	 fol-
low	 a	 clearance	 pattern	 of	 relatively	 durable	
fibers	that	persist,	translocate,	or	are	removed	
by	 some	 mechanism	 other	 than	 dissolution.	
Similar	 results	were	obtained	 in	 the	 study	by	
Mast	 et	 al.	 [1995b],	 which	 shows	 that	 RCFs	











ited	 in	 the	gas	 exchange	 region	with	 lengths	
less	 than	the	diameter	of	an	alveolar	macro-
phage	 are	 phagocytized	 and	 cleared	 via	 the	










amounts	 of	 silicon	 (Si)	 and	 iron	 (Fe)	 dis-








solution	 of	 deposited	 RCFs	 may	 still	 occur,	
based	 on	 the	 findings	 of	 higher	 dissolution	
of	aluminum	(Al)	from	RCFs	(0.8	to	2.4	mg	





the	 researchers	 to	 conclude	 that	 dissolution	
of	 Si	 in	 the	 fibers	 is	 a	 plausible	mechanism	













radt	 1987;	Christensen	 et	 al.	 1994;	Maxim	 et	
al.	1999b;	Moore	et	al.	2001].	At	the	measured	
solubility	rate,	an	RCF	with	a	1-µm	diameter	
would	 take	more	 than	 1,000	 days	 to	 dissolve	
completely	[Leineweber	1984].
6.3  Summary of RCF Toxicity 
and Exposure Data
In	 addition	 to	 the	 main	 determinants	 of	 fi-
ber	toxicity	(dose,	dimension,	and	durability),	
other	 factors	 such	 as	 elemental	 composition,	




on	 consideration	 of	 these	 factors,	 the	 major	
findings	 from	 the	 RCF	 animal	 and	 human	
studies	are	as	follows:
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■	 Toxicologic	evidence	 from	experimental	
inhalation	 studies	 indicates	 that	 RCFs	
are	 capable	 of	 producing	 lung	 tumors	
in	laboratory	rats	and	mesotheliomas	in	
hamsters	 [Mast	 et	 al.	 1995a,b;	McCon-























—	may	 decrease	 cell	 viability	 and	 in-
hibit	proliferation	[Yegles	et	al.	1995;	
Okayasu	et	al.	1999;	Hart	et	al.	1992],
—	affect	 cell	 viability	 and	 proliferation	
[Hart	et	al.	1992],	and	





■	 Exposure	 monitoring	 results	 indicate	
that	airborne	fibers	measured	in	both	the	
manufacturing	 and	 end-use	 sectors	 of	
the	RCF	 industry	 have	 dimensions	 that	




RCF	manufacturing	 industry	 report	 an	
association	between	increased	exposures	
to	 airborne	 fibers	 and	 the	 occurrence	
of	 pleural	 plaques,	 other	 radiographic	
abnormalities,	 respiratory	 symptoms,	





linked	 to	 decreases	 in	 pulmonary	 func-
tion	of	workers	[Lockey	et	al.	1998].	
■	Worker	exposure	to	airborne	fiber	in	the	
RCF	 industry	 over	 the	 past	 20	 years	 or	





These	 observations	 warrant	 concern	 for	 the	
continued	 control	 and	 reduction	 of	 occupa-
tional	exposures	to	airborne	RCFs.
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lengths	≥10	µm	for	up	 to	10	hr/day	during	a	




exposure	 to	 glass	fibers	 caused	 eye,	 skin,	 and	
respiratory	 irritation.	NIOSH	also	 stated	 that	
until	more	information	became	available,	this	
recommendation	 should	 be	 applied	 to	 other	
SVFs.
The	Agency	for	Toxic	Substances	and	Disease	
Registry	 (ATSDR)	 calculated	 an	 inhalation	
minimal	 risk	 concentration	 of	 0.03	 f/cm3	 for	













sifies	RCFs	 as	 a	 suspected	human	 carcinogen	
(A2	designations)	[ACGIH	2005].	On	the	ba-




ACGIH	 and	 EPA	 designations	 are	 consistent	
with	 that	of	 the	 International	Agency	 for	Re-







exposure	 limit	 standards	 and	 guidelines	 for	
RCFs.	
Within	 the	United	States,	 the	RCFC	 formally	
established	 a	 recommended	 exposure	 guide-
line	of	0.5	 f/cm3	as	an	element	of	 its	product	





concentration	 is	 unknown	 or	 when	 airborne	
concentrations	exceed	0.5	f/cm3.	This	exposure	
guideline	was	established	by	the	RCFC	on	Oc-










NIOSH	 has	 not	 previously	 commented	 on	
occupational	 exposure	 to	 RCFs.	 However,	 in	
addressing	 health	 hazards	 for	 another	 SVF	
(fibrous	glass),	NIOSH	[1977]	 recommended	
an	exposure	limit	(REL)	of	3	f/cm3	as	a	TWA	
for	 glass	 fibers	 with	 diameters	 ≤3.5	 µm	 and	
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Table 7–1 . Occupational exposure limits and guidelines pertaining to RCFs*, by country
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ceramic	fibers,	including	RCF,	as	“possibly	car-
cinogenic	to	humans	(Group	2B)”	[IARC	1988,	






cinogenic	 risk	 for	humans,”	 and	 set	 a	health-




the	Work	Area	 published	 a	 review	 of	 fibrous	
dusts	[Pott	1997]	classifying	RCFs	as	category	
IIIA2,	citing	“positive	results	(for	carcinogenic-








advisory	 to	reduce	exposures	 to	 the	 lowest	as	
reasonably	 practicable	 concentration	 based	
on	the	category	2	carcinogen	classification	for	
RCFs	[HSE	2004].
Refractory Ceramic Fibers 99









mented	 in	 animals,	 but	 no	 evidence	 of	 such	
effects	has	been	found	in	workers	 in	the	RCF	
manufacturing	 industry.	 The	 lack	 of	 such	 an	
association	 could	 be	 influenced	 by	 the	 small	
population	of	workers	in	this	industry,	the	long	
latency	 period	 between	 initial	 exposure	 and	
development	of	measurable	effects,	the	limited	
number	 of	 persons	 with	 extended	 exposure	
to	 elevated	 concentrations	 of	 airborne	fibers,	
and	declining	occupational	 exposure	concen-
trations.	 However,	 the	 evidence	 from	 animal	





Given	 these	 considerations,	 the	 NIOSH	 ob-
jective	 in	 developing	 an	 REL	 for	 RCFs	 is	 to	
reduce	 the	 possible	 risk	 of	 lung	 cancer	 and	














tinues	 to	 investigate	 the	 potential	 health	 ef-
fects	 of	 exposure	 to	 naturally	 occurring	 and	
synthetic	 airborne	 fibers.	 This	 interest	 stems	
from	 the	 results	 of	 research	 studies	 confirm-
ing	asbestos	fibers	as	human	carcinogens.	Sig-
nificant	 increases	 in	 the	 production	 of	 RCFs	
during	the	1970s	and	concerns	about	potential	
health	 effects	 led	 to	 experimental	 and	 epide-
miological	studies	as	well	as	worker	exposure	




in	 two	 laboratory	 species—rats	and	hamsters	
[Bunn	et	al.	1993;	Mast	et	al.	1995a;	McConnell	
et	 al.	 1995].	 Evidence	 of	 pleural	 plaques	 ob-
served	in	persons	with	occupational	exposures	
to	 airborne	 RCFs	 is	 clinically	 similar	 to	 that	
observed	in	asbestos-exposed	persons	after	the	
initial	 years	 of	 their	 occupational	 exposures	
to	 asbestos	 [Hourihane	 et	 al.	 1966;	 Becklake	
et	al.	1970;	Dement	et	al.	1986].	NIOSH	con-
siders	the	discovery	of	pleural	plaques	in	U.S.	
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information	 describing	 the	 extent	 to	 which	
RCF	 exposures	 can	 be	 controlled	 at	 differ-
ent	 workplaces.	 On	 the	 basis	 of	 this	 evalua-
tion,	NIOSH	 considers	 an	 REL	 of	 0.5	 f/cm3	
(as	a	TWA	for	up	to	10	hr/day	during	a	40-hr	











The	 risk	 for	 mesothelioma	 at	 the	 REL	 of	
0.5	 f/cm3	 is	 not	 known	 but	 cannot	 be	 dis-
counted.	Evidence	from	epidemiologic	studies	









pleural	plaques	appear	 to	be	 less	 likely	 to	oc-
cur	in	workers	with	lower	exposures	suggests	a	
lower	risk	for	mesothelioma	at	the	REL.
Because	 residual	 risks	 of	 cancer	 (lung	 can-
cer	 and	 pleural	 mesothelioma)	 and	 irrita-
tion	 may	 exist	 at	 the	 REL,	 NIOSH	 further	




to	 0.47	 per	 1,000	 based	 on	 extrapolations	

















exposures	 to	 RCFs	 may	 be	 approaching	 the	
REL.	Exposure	measurements	at	or	above	the	
AL	indicate	a	high	degree	of	certainty	that	con-
centrations	 of	RCFs	 exceed	 the	REL.	The	AL	
is	a	statistically	derived	concept	permitting	the	
employer	 to	have	 confidence	 (e.g.,	 95%)	 that	
if	 exposure	measurements	 are	 below	 the	AL,	
only	 a	 small	 probability	 exists	 that	 the	 expo-
sure	concentrations	are	above	the	REL.	When	
exposures	 exceed	 the	 AL,	 employers	 should	





odic	 monitoring	 of	 worker	 exposures	 in	 the	
workplace	so	that	resources	do	not	need	to	be	
devoted	 to	 conducting	 daily	 exposure	 mea-
surements.	The	AL	concept	has	been	an	inte-
gral	 element	 of	 recommended	 occupational	
standards	 in	 NIOSH	 criteria	 documents	 and	






human	 studies,	 risk	 assessments,	 and	 the	
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availability	of	methods	to	control	RCF	ex-
posures	 at	 the	 REL	 in	 many	 workplaces.	
Establishing	the	REL	for	RCFs	is	consistent	
with	 the	mission	 of	 NIOSH	mandated	 in	
the	Occupational	Safety	and	Health	Act	of	
1970.	 This	Act	 states	 that	NIOSH	 is	 obli-
gated	to	“develop	criteria	dealing	with	toxic	
materials	and	harmful	physical	agents	and	
substances	 which	 will	 describe	 exposure	
levels	 that	 are	 safe	 for	 various	 periods	 of	
employment,	 including	but	not	 limited	 to	
the	 exposure	 levels	 at	which	no	 employee	





hamsters	 [Mast	 et	 al.	 1995a,b;	McConnell	
et	 al.	 1995]	 warrant	 concern	 about	 pos-
sible	 health	 effects	 in	 workers	 exposed	 to	
RCFs.	 Although	 no	 increase	 in	 lung	 can-
cer	 or	 mesothelioma	 mortality	 has	 been	
observed	 in	 worker	 populations	 exposed	
to	RCFs,	radiographic	analyses	indicate	an	
association	 between	 pleural	 changes	 (in-
cluding	 pleural	 plaques)	 and	 RCF	 expo-
sure	 [Lemasters	 et	 al.	 1994;	 Lockey	 et	 al.	
1996;	 Cowie	 et	 al.	 1999,	 2001].	 Both	 the	
U.S.	 [Lockey	 et	 al.	 1993;	 Lemasters	 et	 al.	
1998]	and	 the	European	[Trethowan	et	al.	
1995;	Burge	et	al.	1995;	Cowie	et	al.	1999,	
2001]	 studies	 have	 found	 RCF-associated	










risk	 could	be	 achieved.	 In	 addition,	 exposure	
information	 was	 collected	 during	 the	 5-year	
monitoring	period	covered	under	the	consent	
agreement	between	RCFC	and	EPA	[Maxim	et	
al.	 1994,	1997,	1998].	NIOSH	used	 the	 expo-












from	 chronic	 animal	 inhalation	 studies	 with	
chrysotile	and	amosite	are	also	presented	(i.e.,	




Chronic	 inhalation	 exposure	 to	 RCF1	 at	







relationship	 [Mast	 et	 al.	 1995b].	 In	 the	 rat,	
16	 mg/m3	 (120	 WHO	 f/cm3)	 appeared	 to	
be	 the	NOAEL	 for	 lung	 cancer	 and	 3	mg/m3	
(26	WHO	 f/cm3)	 appeared	 to	 be	 the	NOAEL	
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Table 8–1 .  Doses and dimensions of RCFs* in chronic inhalation studies with F344 rats
Dose 
(mg/m3)





























































	 10 				1.06			+1.14	×	10			4 1	×	10			5 					NR 0.10	 0.15 	 2.2	 3.0
*Abbreviations:	NR=not	reported;	RCFs=refractory	ceramic	fibers;	SD=standard	deviation;	WHO=World	Health	Organization.
†Arithmetic	mean.
Table 8–2 . Results of RCF* chronic inhalation studies with F344 rats
Dose 
(mg/m3)
Time of first  
occurrence  (months)            Lung 





















































	 10 	 1.06			+1.14	×	10	4 	 3 	 9 	 13/69	 18.8 	 1/69	 1.4
*Abbreviations:	RCF=refractory	ceramic	fiber;	SD=standard	deviation;	WHO=World	Health	Organization.
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Table 8–4 .  Results of RCF* chronic inhalation studies with Syrian golden hamsters







Hamsters with pleural 
mesotheliomas†














































	 et	al.	1995 	 asbestos 	 3.7 	 165	 61 13	weeks 13	weeks 	 22/85	 25.9
0.8 	 36	 23 13	weeks 13	weeks 	 3/83	 3.6
*Abbreviations:	RCF=refractory	ceramic	fiber;	SD=standard	deviation;	WHO=World	Health	Organization.	
†No	lung	neoplasms	were	detected.
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Chronic	 inhalation	 exposure	 to	 RCF1	 at	
30	mg/m3	 induced	 a	 41%	 (42/102)	 incidence	
of	 mesotheliomas	 in	 Syrian	 golden	 ham-
sters	 [McConnell	 et	 al.	 1995].	 Determining	













incidence	 observed	 in	 RCF-exposed	 ham-
sters,	 these	 results	were	 compared	with	 those	
obtained	from	hamsters	that	were	exposed	to	












exposed	 to	 amosite	 asbestos	 provides	 dose-




using	 relatively	 similar	 exposure	 conditions,	
experimental	conditions,	and	fiber	dimensions	
[McConnell	 et	 al.	 1995,	 1999].	 Exposure	 to	
263	 WHO	 f/cm3	 and	 165	 WHO	 f/cm3	 of	
amosite	 asbestos	 induced	 pleural	 mesothe-





first	 observed	 at	 13	 weeks	 following	 amosite	













1999]	 indicated	 that	 the	 carcinogenic	 potency	
























thelioma	 in	exposed	rodents	 should	 take	 into	
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Table 8–5 .  Dissolution constant (K
dis
) and weighted in vivo half-life (t
0 .5
) 
of amosite asbestos and RCF1 
 Fiber type K
dis









Amosite	asbestos 	 1.3 	 418.0
Source:	Adapted	from	Maxim	et	al.	[1999].
*Abbreviation:	RCF=refractory	ceramic	fiber.














measured	 amphibole	 fiber	 concentration	 in	
the	lung	tissues	of	humans	with	mesothelioma	
and	 compared	 the	 results	 with	 fiber	 burdens	
reported	 in	rats.	A	significantly	 increased	OR	
(OR=4.8,	 95%;	 CI=1.05–21.7)	 for	 mesothe-
lioma	 was	 seen	 in	 humans	 with	 amphibole	
concentrations	 between	 0.1	 and	 0.2	 fiber/μg	
of	 dried	 lung	 tissue.	 The	 lowest	 tissue	 con-
centration	 reported	 to	 produce	 a	 significant	







This	 work	 is	 refuted	 by	 other	 scientists	 who	
favor	the	rat	as	an	appropriate	model	for	eval-
uating	 the	 risk	 evaluation	 of	 lung	 cancer	 in	
humans	[Maxim	and	McConnell	2001].	Limi-
tations	 of	 the	 Rödelsperger	 and	 Woitowitz	
[1995]	and	Pott	[1994]	analyses	(discussed	ear-
lier)	include	the	lack	of	a	dose-response	analy-











in	 humans.	 Extrapolation	 of	 the	 animal	 data	
to	humans	is	further	complicated	by	a	limited	
understanding	of	the	mechanisms	of	fiber	tox-
icity.	 Consequently,	 any	 extrapolation	 of	 the	
cancer	risk	found	in	animals	exposed	to	RCFs	
must	account	for	differences	between	humans	
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8.2.2 Health Effects Studies of  
 Workers Exposed to RCFs






tional	 exposure	 to	 RCFs	 and	 potential	 ad-
verse	 health	 effects.	 These	 studies	 contained	
multiple	components	including	standardized	
respiratory	 and	 occupational	 history	 ques-
tionnaires,	 chest	 radiographs,	 pulmonary	
function	tests	of	workers,	and	air	sampling	to	
estimate	 worker	 exposures.	 The	 first	 studies	
of	 European	 plants	were	 conducted	 in	 1986	
and	 included	 current	 workers	 at	 seven	 RCF	
manufacturing	 plants	 [Rossiter	 et	 al.	 1994;	
Trethowan	 et	 al.	 1995;	 Burge	 et	 al.	 1995].	A	
followup	 cross-sectional	 study	 conducted	 in	
1996	 evaluated	 the	 same	medical	 endpoints	
in	workers	from	six	of	these	seven	European	
manufacturing	plants	 (one	plant	had	 ceased	
operation)	 [Cowie	 et	 al.	 1999,	 2001].	 Cur-
rent	as	well	as	former	workers	were	included	











at	 the	 time	 they	were	 studied,	 but	 the	 aver-
age	age	and	duration	of	employment	for	the	
U.S.	workers	were	slightly	higher	than	for	the	
workforce	 in	 the	 1986	 European	 studies	 be-
cause	 of	 the	 earlier	 development	 of	 this	 in-
dustry	in	the	United	States.
8.2.2.1 Pleural changes in humans
The	radiographic	analyses	of	the	U.S.	and	1996	
European	 populations	 in	 RCF	 manufactur-
ing	 detected	 an	 association	 between	 pleural	
changes	 and	 RCF	 exposure	 [Lemasters	 et	 al.	
1994;	 Lockey	 et	 al.	 1996;	 Cowie	 et	 al.	 1999,	
2001].	 In	 the	 initial	 European	 studies,	 Tre-
thowan	et	al.	[1995]	found	pleural	abnormali-
ties	 in	 a	 small	 number	 of	 RCF	workers	 who	
had	 other	 confounding	 exposures	 that	 did	
not	 include	 asbestos.	Differences	 observed	 in	
pleural	 abnormalities	 between	 the	 U.S.	 and	
European	worker	populations	may	be	 related	




ies	 of	 the	 U.S.	 RCF	 manufacturing	 industry,	
with	 its	 longer	 latency	 period.	 Historical	 air	
sampling	data	also	indicate	that	airborne	fiber	
concentrations	were	much	higher	in	early	U.S.	
RCF	 manufacturing.	 Therefore,	 in	 addition	
to	 their	 longer	overall	 latency,	RCF	manufac-
turing	workers	 in	 the	United	 States	 probably	




in	 the	 U.S.	 studies	 before	 their	 detection	 in	
the	European	 studies.	The	U.S.	 and	1986	Eu-
ropean	studies	yielded	little	evidence	of	an	as-
sociation	 between	 radiographic	 parenchymal	
opacities	and	RCF	exposure.	In	the	U.S.	study,	
small	opacities	were	rare,	with	only	three	cases	
noted	 in	one	 report	 [Lockey	 et	 al.	 1996]	 and	
only	 one	 case	 (with	 small	 rounded	 opacities	
of	profusion	category	3/2	attributable	to	prior	
kaolin	mine	work)	noted	in	the	other	[Lemas-
ters	 et	 al.	 1994].	 Small	 opacities	of	profusion	
category	1/0	or	greater	were	more	frequent	in	
the	European	study	by	Trethowan	et	al.	[1995],	
but	 confounding	 exposures	 were	 believed	
to	 account	 for	 many	 of	 these	 cases.	 The	 re-
sults	of	statistical	analyses	indicated	either	no	
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association	with	RCF	exposure	[Trethowan	et	
al.	 1995]	 or	 an	 association	 slightly	 suggestive	
of	an	RCF	exposure	effect	[Rossiter	et	al.	1994].	
In	a	more	comprehensive	evaluation	of	the	Eu-




8.2.2.2 Respiratory symptoms, irritation,   





with	 various	 reported	 respiratory	 conditions	 or	
irritation	symptoms	after	adjusting	for	the	effects	
of	smoking.	Worker	exposure	to	RCFs	at	concen-
trations	 of	 0.2	 to	 0.6	 f/cm3	was	 associated	with	
statistically	 significant	 increases	 in	 eye	 irritation	
(OR=2.16,	 95%	 CI=1.32–3.54),	 stuffy	 nose	
(OR=2.06,	 95%	 CI=1.25–3.39),	 and	 dry	 cough	
(OR=2.53,	 95%	 CI=1.25–5.11)	 compared	 with	
exposure	to	concentrations	lower	than	0.2	f/cm3	
[Trethowan	et	 al.	 1995].	Between	 the	0.2	 to	
0.6	 f/cm3	and	>0.6	f/cm3	RCF	exposure	groups,	
a	 statistically	 significant	 increase	 occurred	 in	










potential	 confounders.	Lockey	 et	 al.	 [1993]	 also	
found	 a	 statistically	 significant	 association	 be-
tween	 cumulative	 RCF	 exposure	 and	 pleurisy	
(OR=5.4,	95%	CI=1.4–20.2),	and	an	elevated	but	
nonsignificant	 association	 between	 cumulative	
RCF	 exposure	 and	 chronic	 cough	 (OR=2.0,	
95%	CI=1.0–4.0).	Lemasters	et	al.	[1998]	also	
noted	 associations	 (P<0.05)	 between	 employ-
ment	in	an	RCF	production	job	and	increased	
prevalence	 of	 dyspnea	 and	 the	 presence	 of	 at	
least	 one	 respiratory	 symptom	 after	 adjusting	
the	data	for	confounders.	Recurrent	chest	illness	






ey	 et	 al.	 1998;	 Lemasters	 et	 al.	 1998]	 and	 the	
1986	European	[Trethowan	et	al.	1995;	Burge	
et	al.	1995]	studies	found	that	cumulative	RCF	
exposure	 is	 associated	with	 pulmonary	 func-
tion	 decrements	 among	 current	 and	 former	
smokers.	 Lemasters	 et	 al.	 [1998]	 also	 found	
statistically	 significant	 deficits	 in	 pulmonary	
function	 measures	 for	 nonsmoking	 female	
workers.	 The	 decreased	 pulmonary	 function	
in	 the	 European	 study	 population	 remained	
significantly	 associated	 with	 cumulative	 RCF	
exposure,	even	after	controlling	for	cumulative	
dust	 exposure	 [Burge	 et	 al.	 1995].	 The	 1996	
European	 study	 found	 pulmonary	 function	
decrements	 only	 in	 current	 smokers	 [Cowie	







typically	 higher	 concentrations	 that	 occurred	
before	this	time	period.	The	U.S.	and	European	
studies	suggest	that	decrements	in	pulmonary	
function	 observed	 primarily	 in	 current	 and	
former	smokers	are	evidence	of	an	interactive	
effect	between	smoking	and	RCF	exposure.	
8.2.3 Carcinogenic Risk in Humans
Moolgavkar	et	al.	[1999]	derived	risk	estimates	
for	lung	cancer	in	humans	on	the	basis	of	the	
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results	from	the	two	chronic	bioassays	of	RCFs	
in	male	Fischer	344	rats	[Mast	et	al.	1995a,b].	
Several	 models	 (linear,	 quadratic,	 exponen-
tial)	were	used	to	estimate	and	compare	risks	
using	 reference	 populations	 comprised	 of	 ei-
ther	a	nonsmoking	ACS	cohort	or	a	cohort	of	
steel	workers	not	exposed	to	coke	oven	emis-




from	 exposure	 to	 RCFs	 when	 used	 with	 the	
referent	 steel	 workers	 cohort	 (considered	 to	
be	most	representative	of	workers	exposed	to	









0.00088/1,000	 for	 the	 quadratic	model	 when	
using	the	same	referent	population.
The	 risk	 estimates	 incorporated	 multiple	 as-
sumptions,	 including	a	human	breathing	rate	
of	 13.5	L/min	 (considered	 light	 work)	 and	
multiple	 criteria	 for	 defining	 the	 length	 of	
time	a	worker	could	be	exposed	to	RCFs	over	
a	working	lifetime.	Higher	risk	estimates	could	
be	 expected	 if	 the	 assumptions	 more	 closely	
represented	those	used	by	NIOSH	and	OSHA:	
(1)	 a	human	breathing	 rate	 of	 20	L/min	 and	
(2)	 a	 worker	 exposure	 duration	 of	 8	 hr/day,	




risk	 to	 humans	 because	 the	models	 assumed	
that	the	tissue	sensitivity	to	RCFs	in	the	rat	is	
equal	 to	 that	 in	 humans.	 Although	 the	 lung	
cancer	risk	estimates	derived	from	the	rat	data	


















facturing	 workers	 to	 be	 a	 significant	 finding	
because	the	plaques	were	correlated	with	RCF	
exposure	 [Lemasters	 et	al.	 1994;	Lockey	 et	 al.	








Insufficient	 evidence	 exists	 to	 document	 an	
association	 between	 fibrotic	 or	 carcinogenic	
effects	and	the	inhalation	of	RCFs	by	workers	
in	 the	 RCF	 manufacturing	 industry	 though	
these	 effects	 have	 been	 demonstrated	 in	 ani-
mal	 studies.	The	 lack	of	an	observed	associa-
tion	between	RCF	 exposure	 and	 these	 effects	
among	 workers	 could	 be	 affected	 by	 one	 or	
more	factors,	 including	several	relating	to	the	
study	 population:	 the	 relatively	 small	 cohort,	
the	 proportion	 of	 workers	 with	 short	 tenure	
relative	to	what	might	be	expected	(on	the	ba-
sis	of	an	asbestos	analogy)	in	terms	of	disease	
latency,	 and	workers	with	 limited	 cumulative	
exposures	to	RCFs.	
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8.2.4 Controlling RCF Exposures in 
the Workplace
Table	 8–6	 summarizes	 exposure	 monitoring	
data	 collected	 by	 the	 RCFC	 under	 a	 consent	
agreement	with	the	EPA	[Everest	1998;	Maxim	
et	al.	1997].	These	data	indicate	that	exposures	
to	 RCFs	 during	 1993–1998	 had	 an	AM	 fiber	
concentration	 of	 about	 0.3	 f/cm3	 for	 manu-
facturing	 and	 nearly	 0.6	 f/cm3	 for	 end	 users.	
Maxim	et	al.	[1997,	1999a]	reported	results	for	
both	 manufacturing	 and	 end-use	 sectors	 in	










improved	 ventilation,	 engineering	 or	 process	
changes,	 and	 product	 stewardship	 programs	






centrations	 below	 0.5	 f/cm3,	 exposure	moni-
toring	data	also	indicate	that	not	all	FJCs	may	
be	 able	 to	 achieve	 these	 RCF	 concentrations	





cutting,	 sanding)	 often	 requires	 high-energy	
sources	that	tend	to	generate	larger	quantities	
of	airborne	dust	and	fibers.	For	RCF	insulation	
removal,	 activities	 are	 performed	 at	 remote	
sites	where	conventional	engineering	controls	
and	fixed	ventilation	systems	are	more	difficult	
to	 implement.	 For	 some	 operations,	 such	 as	
removal	of	RCF	insulation	tiles	from	furnaces,	








PPE,	 including	 respirators,	 may	 be	 required	
for	some	workers	handling	RCFs	or	RCF	prod-
ucts.	The	frequent	use	of	PPE	may	be	required	
during	 job	 tasks	 for	which	(1)	routinely	high	
airborne	 concentrations	 of	 RCF	 (e.g.,	 finish-
ing,	insulation	removal)	exist,	(2)	the	airborne	
concentration	 of	RCF	 is	 unknown	or	 unpre-
dictable,	and	(3)	job	tasks	are	associated	with	
highly	 variable	 airborne	 concentrations	 be-
cause	of	environmental	conditions	or	the	man-






The	 following	 summarize	 the	 relevant	 infor-
mation	used	as	the	basis	for	the	NIOSH	assess-
ment	of	occupational	exposures	to	RCFs:
■	 Airborne	 concentrations	 of	 RCFs	 have	
been	 characterized	 as	 containing	 fibers	
of	dimensions	in	the	thoracic	and	respi-
rable	 size	 ranges.	 RCFs	 are	 among	 the	
most	 durable	 types	 of	 SVFs.	 In	 tests	 of	
solubility,	RCFs	are	nearly	as	durable	as	
chrysotile	 asbestos	 but	 significantly	 less	
durable	 than	 amphibole	 asbestos	 fibers	
such	as	amosite.
■	 Chronic,	 nose-only	 inhalation	 studies	
with	RCFs	in	animals	show	a	statistically	
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Table 8–6 . Airborne fiber concentrations in the RCF* industry during 1993–1998, by 
functional job category and production status† (f/cm3 as TWA)
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significant	 increased	 incidence	 of	 lung	
tumors	 in	 rats	 and	 pleural	 mesothelio-
mas	in	hamsters.	These	data	support	the	
NIOSH	 determination	 that	 RCFs	 are	 a	
potential	occupational	carcinogen.
■	 Epidemiologic	studies	of	workers	 in	the	
RCF	 manufacturing	 industry	 show	 an	
increased	 incidence	 of	 pleural	 plaques,	
respiratory	 symptoms	 (dyspnea	 and	
cough),	 skin	 and	eye	 irritation,	 and	de-
creased	 pulmonary	 function	 related	 to	
increasing	 exposures	 to	 airborne	 fibers.	














chronic	 inhalation	 studies	 in	 rats	 indi-
cate	 that	 the	 excess	 risk	 of	 developing	
lung	cancer	when	exposed	 to	RCFs	at	a	
TWA	of	0.5	f/cm3	for	a	working	lifetime	




than	 to	 overestimate	 the	 risk	 to	 RCF-
exposed	workers.	Reduction	of	 the	RCF	
TWA	 concentration	 to	 0.2	 f/cm3	 would	
reduce	the	risk	for	lung	cancer	to	0.03	to	






sent	 agreement	 between	 RCFC	 and	 EPA,	
which	included	a	5-year	comprehensive	air	



























minimize	 airborne	 fibers	 and	 nonfibrous	
particulate	accordingly.
From	 the	 assessment	 described	 above	 and	
throughout	this	document,	NIOSH	concludes	









112	 Refractory Ceramic Fibers










workers	 from	 conditions	 and	 symptoms	 de-
riving	from	irritation	of	 the	respiratory	tract,	
skin,	and	eyes.	






end-use	 job	 categories.	 Although	 routine	 at-
tainment	 of	 TWA	 exposures	 below	 the	 REL	
may	not	currently	occur	at	all	job	tasks,	it	does	
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■	 Establish	 procedures	 for	 reporting	 haz-
ards	 and	 giving	 feedback	 about	 actions	
taken	to	correct	them.	













—	Types	 of	 PPE	 that	 may	 be	 required	
(including	respirators)












health	 and	 minimizing	 worker	 exposures	 to	




9.1 Informing Workers 
 about Hazards




facture,	 use,	 handle,	 install,	 or	 remove	 RCF	
products	or	perform	other	activities	that	bring	
them	 into	 contact	with	RCFs.	As	part	of	 this	
training	 program,	 employers	 should	 do	 the	
following:	
■	 Inform	all	potentially	exposed	workers	(in-
cluding	 contract	 workers)	 about	 RCF-
associated	 health	 risks	 such	 as	 skin,	 eye,	
and	respiratory	irritation	and	lung	cancer.
■	 Provide	MSDSs	on	site:	
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Engineering	 controls	 should	 be	 the	 principal	
method	 for	minimizing	 exposure	 to	RCFs	 in	
the	workplace.	
9.2.1.1 Ventilation



















sures	 for	 the	 band	 saw	 operator	 [Venturin	
1998].	 Disc	 sanders	 fitted	 with	 similar	 local	
exhaust	 ventilation	 systems	 are	 effective	 in	







local	 exhaust	 ventilation	 systems,	 see	 Indus-
trial Ventilation—A Manual of Recommended 
Practice,	 25th	 edition	 [ACGIH	 2005],	 Rec-






English	 and	 the	 predominant	 language	
of	workers	who	do	not	read	English.
■	 If	workers	 are	unable	 to	 read	 the	 labels	
and	 signs,	 inform	 them	 verbally	 about	
the	hazards	and	instructions	printed	on	
the	labels	and	signs.	
9.2 Hazard Prevention and 
 Control
Proper	 use	 and	 maintenance	 of	 engineering	
controls,	work	practices,	and	PPE	are	essential	









■	 PPE	 (such	 as	 protective	 clothing	 and	
equipment	and	respirators)
■	 Proper	 decontamination	 and	waste	 dis-
posal
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Additional	 engineering	 controls	 have	 been	
evaluated	 by	 the	 Bureau	 of	 Mines	 for	 mini-
mizing	airborne	dust	in	underground	mining	
operations	and	at	industrial	sand	plants.	These	






air	 to	 the	worker’s	 breathing	 zone	 [Volkwein	
et	 al.	 1982,	 1988].	 Proper	 design	 and	 evalua-
tion	 are	 critical	 for	 ensuring	 that	filtration	 is	






9.2.1.2 Tool selection and modification
The	RCFC	has	reported	that	using	hand	tools	
instead	of	powered	 tools	 can	 significantly	 re-
duce	 airborne	 concentrations	 of	 dust.	 How-
ever,	hand	tools	often	require	additional	physi-
cal	effort	and	time,	and	they	may	increase	the	
risk	 of	 musculoskeletal	 disorders.	 Employers	
should	 therefore	 use	 ergonomically	 correct	
tools	and	proper	workstation	design	 to	avoid	
ergonomic	hazards.
The	 additional	 physical	 effort	 required	 to	
use	hand	tools	may	also	increase	the	rate	and	
depth	of	breathing	and	may	consequently	af-





concentrations	 of	 airborne	 fiber.	 Examples	




■	 A	 test	of	hand	 sawing	versus	 the	use	of	
a	powered	jigsaw	showed	an	81%	reduc-
tion	 in	 concentrations	 of	 airborne	 dust	
generated.





surface	 of	 a	 vacuum-formed	 board	 be-





holes	 in	 RCF	 product	 forms	 reduces	 air-
borne	dust	concentrations	by		about	85%.
9.2.1.3 Engineering controls for RCF  
finishing operations
Researchers	at	NIOSH	have	been	working	with	
industrial	 hygienists	 at	 RCFC	member	 facili-










disc	 sander	 [Dunn	 et	 al.	 2000,	 2004].	 These	
units	 are	 frequently	used	by	 the	manufactur-
ers	as	well	as	the	customer	facilities	to	produce	
vacuum-formed	 boards	 sized	 to	 the	 required	
dimensions.	A	continuous	misting	nozzle	and	
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these	 two	 controls	 reduced	 fiber	 concentra-
tions	in	the	breathing	zone	as	follows:	
% decrease in airborne fibers: 
Disc	sanding	using	water	mist . 	. 	. 	. 	. 	. 	. 	88
Disc	sanding	using	local	exhaust	
			ventilation . 	. 	. 	. 	. 	. 	. 	. 	. 	. 	. 	. 	. 	. 	. 	. 	. 	99	
Belt	sanding	using	water	mist	 .	 .	 .	 .	 .	 .	 .		50
Belt	sanding	using	local	exhaust	
			ventilation . 	. 	. 	. 	. 	. 	. 	. 	. 	. 	. 	. 	. 	. 	. 	. 	. 	99
These	studies	highlight	 the	potential	 for	sig-
nificant	reductions	in	worker	exposure	using	
well	 designed	 and	 maintained	 engineering	
controls,	 but	 their	 effectiveness	 needs	 to	 be	
validated	in	the	field.	













in	 a	 furnace,	 a	 procedure	 called	 tamp-
ing	is	typically	performed.	After	modules	
are	put	in	place	on	the	furnace	wall,	the	
modules	 are	 compressed	 by	 placing	 a	
1-ft	 length	of	 2-	 by	 4-ft	 lumber	 against	




to	 the	 surface	 of	 the	 modules	 before	
tamping,	airborne	fiber	concentration	is	
reduced	 by	 about	 75%	 [Carborundum	
1993].	 The	water	 is	 applied	with	 a	 gar-




during	 installation.	 The	 introduction	
of	 water	 can	 damage	 refractory-lined	
equipment	during	heating	with	explosive	
spalling	from	the	generation	of	steam.
■	 After-service	 RCF	 insulation	 removed	
from	 furnaces	may	be	wetted	 to	 reduce	
the	release	of	fibers.	
9.2.1.5 Isolation
Some	 manufacturing	 processes	 may	 be	 en-
closed	 to	 keep	 airborne	 fibers	 contained	 and	
separated	from	workers.
■	When	possible,	 isolate	workers	from	di-







■	Make	 sure	workers	 take	 special	 precau-
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9.2.2 Product Reformulation
One	 factor	 that	 contributes	 to	 the	 toxicity	of	
an	 inhaled	 fiber	 is	 the	 durability	 of	 the	 fiber	
and	its	resistance	to	degradation	in	the	respira-
tory	tract.	The	chemical	characteristics	of	RCFs	
make	 them	one	of	 the	most	durable	 types	of	
SVFs.	As	a	result,	an	inhaled	RCF	of	specific	di-
mensions	will	persist	longer	in	the	lungs.	Mod-
ifying	 the	 physical	 characteristics	 of	 RCFs	 or	
reformulating	their	chemistry	to	produce	 less	





























■	 Clean	work	 areas	 regularly	with	HEPA-
filtered	 vacuums	 or	 with	 wet	 sweeping	






Use	 good	 hygiene	 and	 sanitation	 to	 protect	
workers	 as	 well	 as	 people	 outside	 the	 work-
place	who	might	be	 contaminated	with	 take-
home	dust	and	fibers:	
■	Do	not	 allow	workers	 to	 smoke,	 eat,	 or	





to	 avoid	 dryness	 or	 irritation	 from	 re-
peated	washing.	
■	 Vacuum	 contaminated	 clothes	 with	 a	
HEPA-filtered	vacuum	before	leaving	the	
work	area.









—	Leave	 contaminated	 clothes	 at	 the	
workplace	to	be	laundered	by	the	em-
ployer.
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—	Store	 street	 clothes	 in	 separate	 areas	







9.2.4 Personal Protective Equipment
Wear	 long	 sleeves,	 gloves,	 and	 eye	 protection	







should	not	 be	 used	 as	 the	 primary	means	 of	
controlling	worker	exposures.	Instead,	NIOSH	
recommends	 using	 other	 exposure-reduction	
methods,	 such	 as	 product	 substitution,	 engi-
neering	 controls,	 and	 changes	 in	 work	 prac-








If	 respiratory	 protection	 is	 needed,	 the	 em-
ployer	 should	 establish	 a	 comprehensive	 re-
spiratory	 protection	program	 as	 described	 in	
the	 OSHA	 respiratory	 protection	 standard	
[29	CFR	1910.134].	Elements	of	a	respiratory	
protection	program	should	be	established	and	







■	 Routine	 use	 procedures	 and	 emergency	
respirator	use	procedures
■	 Procedures	 and	 schedules	 for	 cleaning,	
disinfecting,	 storing,	 inspecting,	 repair-
ing,	discarding,	 and	maintaining	 respi-
rators
■	 Procedures	 for	 ensuring	 adequate	 air	
quality	for	supplied-air	respirators
■	 Training	in	respiratory	hazards
■	 Training	 in	 the	proper	use	 and	mainte-
nance	of	respirators
■	 Program	evaluation	procedures
■	 Procedures	 for	 ensuring	 that	 workers	
who	voluntarily	wear	respirators	(exclud-
ing	filtering	facepiece	respirators	known	
as	 dust	 masks)	 comply	 with	 the	 medi-
cal	evaluation	and	cleaning,	storing,	and	
maintenance	 requirements	 contained	 in	
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■	 At	 a	 minimum,	 use	 a	 half-mask,	 air-
purifying	 respirator	 equipped	 with	 a	
100	 series	 particulate	 filter	 (this	 res-
pirator	has	an	assigned	protection	factor	
(APF)	of	10.	
■	 For	 a	 higher	 level	 of	 protection	 and	 for	
prevention	 of	 facial	 or	 eye	 irritation,	 use	





the	 work	 involves	 potentially	 high	 air-
borne	 fiber	 concentrations	 (such	 as	 re-
moval	 of	 after-service	 RCF	 insulation	
such	 as	 furnace	 insulation),	 use	 a	 sup-
plied-air	respirator	equipped	with	a	 full	












ratory	 protection	 even	 when	 airborne	 fiber	
concentrations	 are	 below	 the	 NIOSH	 REL	
or	 other	 applicable	 Federal	 or	 State	 stan-
dards.	When	respirators	are	used	voluntarily	
by	workers,	employers	need	to	establish	only	









appropriate	 respirators,	 see	 the	OSHA	Respi-
ratory	Protection	Advisor	on	 the	OSHA	Web	
site	 at	 http://www.osha.gov.	Additional	 infor-
mation	 is	 available	 from	 the	NIOSH Respira-
tor Selection Logic	[NIOSH	2004]	document	at	
http://www.cdc.gov/niosh/docs/2005–100	 and	
the	NIOSH Guide to the Selection and Use of 
Particulate Respirators Certified under 42 CFR 
84	[NIOSH	1996].
9.3 Exposure Monitoring





routine	 environmental	 and	 personal	monitor-
ing	of	airborne	fiber	concentrations.	The	moni-
toring	 strategy	 should	 be	 designed	 to	 assess	
the	effectiveness	of	engineering	controls,	work	
practices,	 PPE,	 training,	 and	 other	 factors	 in	
controlling	 airborne	 fiber	 concentrations.	 The	
monitoring	 program	 should	 also	 be	 used	 to	
identify	areas	or	 tasks	 that	 are	associated	with	
higher	exposures	to	RCFs	and	that	therefore	re-
quire	additional	efforts	to	reduce	them.







ever	 possible.	 For	 work	 involving	 potential	
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Table 9–1 . Respiratory protection for exposure to RCFs*
Airborne concentration of 
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exposure	to	airborne	RCFs,	perform	the	expo-
sure	sampling	survey	as	follows:
■	 Collect	 representative	 personal	 samples	
for	 the	 entire	 work	 shift	 using	 NIOSH	
Method	 7400	 (B	 rules)	 [NIOSH	 1977a,	
1998].	
■	 Perform	 periodic	 sampling	 at	 least	 an-
nually	 and	whenever	 any	major	process	
change	takes	place	or	another	reason	ex-
ists	 to	 suspect	 that	 exposure	 concentra-
tions	may	have	changed.	
■	 Collect	 all	 routine	 personal	 samples	 in	
the	breathing	zones	of	the	workers.
■	 For	 workers	 exposed	 to	 concentrations	
above	 the	 REL,	 perform	more	 frequent	
exposure	 monitoring	 until	 at	 least	 two	




sults	 and	 any	 actions	 taken	 to	 reduce	
their	exposures.
■	Make	 sure	 that	 any	 sampling	 strategy	





NIOSH	 has	 recommended	 an	 action	 level	
(AL)	of	 0.25	 f/cm3	for	determining	when	 ad-
ditional	 controls	 are	needed	or	when	admin-
istrative	 actions	 should	 be	 taken	 to	 reduce	











the	 REL.	NIOSH	 has	 concluded	 that	 the	 use	
of	 an	AL	permits	 employers	 to	monitor	RCF	




an	 occupational	 standard	 in	 NIOSH	 criteria	
documents	 and	 in	 comprehensive	 standards	





degree	 of	 exposure	 variability	 for	 certain	 job	
tasks	may	require	a	lower	AL	to	assure	that	ex-
posures	are	being	maintained	below	the	REL.	
Similar	 exposure	 monitoring	 strategies	 have	
been	espoused	by	the	American	Industrial	Hy-
giene	Association,	which	 recommends	 that	 if	
measured	exposures	are	 less	 than	10%	of	 the	





er	 exposures	 are	 below	 the	 REL,	 a	 focused	
sampling	 strategy	 may	 be	 more	 practical	
than	random	sampling.	A	focused	sampling	
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Sampling	 strategies	 such	 as	 those	 used	 by	





resentative	workers	 are	 grouped	 according	 to	
dust	zones,	uniform	job	titles,	or	functional	job	

















The	 primary	 goals	 of	 a	 workplace	 medical	
monitoring	 program	 are	 (1)	 early	 identifi-




early	 detection,	 subsequent	 treatment,	 and	
workplace	 interventions	 will	 ensure	 the	 con-
tinued	health	of	the	affected	workforce.	
9.4.1 Objectives of Medical Monitoring 
Medical	 monitoring	 and	 resulting	 interven-









of	 respiratory	 system	 changes	 and	 symptoms	
associated	 with	 RCF	 exposures	 (such	 as	 de-
creased	 pulmonary	 function,	 irritation,	 dys-










fective	 secondary	 prevention	method	 on	 two	
levels—screening	 and	 surveillance.	 Medical	
screening	in	the	workplace	focuses	on	the	early	




toxicants	 or	 early	 pathologic	 changes	 before	





aggregate	 analysis	of	health	data	 for	 the	pur-
pose	of	preventing	disease	and	evaluating	the	
effectiveness	of	intervention	programs.	




borne	RCFs),	 the	 following	 factors	 should	be	
considered:
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■	 Prevalence	 of	 an	 associated	 disease	 or	
symptoms	in	the	population





■	 Reliability	 and	 validity	 of	 the	 screening	
test(s)
■	 Ability	of	the	screening	test(s)	to	identify	
disease	 early	 so	 that	 effective	 treatment	
or	 intervention	may	be	used	 to	 impede	
disease	progression
■	 Availability,	accessibility,	and	acceptabil-




On	 the	 basis	 of	 these	 criteria,	 NIOSH	 rec-
ommends	 a	 medical	 screening	 program	 for	
RCF-exposed	workers	 that	 require	 initial	 and	
periodic	medical	 examinations.	The	elements	
of	 the	program	should	 include	a	physical	 ex-
amination,	 occupational	 history,	 respiratory	
symptom	 questionnaire,	 spirometric	 test-
ing,	and	chest	radiograph	when	warranted.	If	
a	 particular	 medical	 screening	 test	 indicates	
the	 presence	 of	 exposure-related	 disease	 or	
the	 increased	probability	 that	disease	will	de-
velop,	 further	 evaluation	 and	diagnostic	 test-
ing	may	be	needed.	Recommended	guidelines	
and	schedules	for	specific	medical	tests	are	de-
scribed	 in	 Section	9.4.5	 (Recommended	Pro-
gram	Elements).
9.4.3 Worker Participation
All	 workers	 potentially	 exposed	 to	 RCFs,	 in	
both	 manufacturing	 and	 end-use	 industries,	
may	benefit	by	being	 included	 in	 an	occupa-
tional	medical	monitoring	program.	Workers	
should	 be	 provided	 with	 information	 about	
the	purposes	of	medical	monitoring,	the	health	
benefits	 of	 the	 program,	 and	 the	 procedures	
involved.	 The	 following	 hierarchy	 describes	
workers	who	should	be	included	in	a	medical	
monitoring	 program	 and	 who	 could	 receive	
the	greatest	benefit	from	medical	screening:













hazards	 that	place	 them	at	an	 increased	
risk	of	respiratory	disease




9.4.4 Medical Monitoring Program 
 Director
Oversight	 of	 the	 medical	 monitoring	 pro-
gram	should	be	assigned	by	the	employer	 to	
a	qualified	physician	or	other	qualified	health	
care	 provider	 (as	 determined	 by	 appropriate	
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respiratory	 protection	 devices	 available	
at	the	workplace
■	 The	 identification	 and	 management	 of	
work-related	respiratory	effects	or	illnesses
■	 The	 identification	 and	 management	 of	
work-related	skin	diseases
9.4.5 Recommended Program 
 Elements 
Recommended	 elements	 of	 a	 medical	 moni-
toring	program	 for	workers	 exposed	 to	RCFs	
include	 provisions	 for	 an	 initial	 medical	 ex-
amination	and	periodic	medical	examinations	
at	regularly	scheduled	intervals.	Depending	on	
the	 findings	 from	 these	 examinations,	 more	
frequent	 and	 detailed	 medical	 examinations	






9.4.5.1 Initial medical examination










cal	 monitoring	 program	 should	 have	




be	 interpreted	 by	 a	 NIOSH-certified	 B	
reader	 using	 the	 standard	 International	




















9.4.5.2 Periodic medical examinations
Periodic	 examinations	 (including	 a	 physical	
examination	of	the	respiratory	system	and	the	
skin,	spirometric	testing,	a	respiratory	symptom	
update	 questionnaire,	 and	 an	 occupational	
history	 update	 questionnaire)	 should	 be	 ad-
ministered	at	 regular	 intervals	determined	by	
the	medical	monitoring	program	director.	The	
frequency	 of	 the	 periodic	 medical	 examina-
tions	 should	 be	 determined	 according	 to	 the	
following	guidelines:
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IV. More frequent or detailed medical 












VI. Adverse symptoms/health outcomes?
(described	in	III.)
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periodic	 examinations	 for	 detecting	 respira-
tory	 system	 changes—especially	 in	 workers	
with	more	 than	 10	 years	 since	 first	 exposure	
to	 RCFs.	 The	 value	 of	 periodic	 chest	 X-rays	
in	 a	medical	monitoring	 program	 should	 be	
evaluated	by	a	qualified	health	care	provider	in	
consultation	with	the	worker	to	assess	whether	
the	 benefits	 of	 testing	warrant	 the	 additional	
exposure	 to	 radiation.	As	with	 the	 frequency	





ticeable	 respiratory	 system	 changes).	 Because	
persons	 with	 advanced	 fiber-related	 pleural	
changes	 experience	 difficulty	 in	 breathing	 as	

























Workers	 should	 be	 provided	 with	 sufficient	
training	 to	 recognize	 symptoms	 associated	
with	 RCF	 exposures	 (such	 as	 chronic	 cough,	
difficulty	 breathing,	 wheezing,	 and	 skin	 irri-
tation).	Workers	 should	 also	be	 instructed	 to	









■	 Results	 of	 any	 medical	 tests	 performed	
on	the	worker
■	Medical	opinion	in	plain	language	about	
any	 medical	 condition	 that	 would	 in-
crease	 the	 worker=s	 risk	 of	 impairment	
from	exposure	to	airborne	RCFs
■	 Recommendations	 for	 limiting	 the	
worker=s	 exposure	 to	 RCFs,	 which	may	
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■	Occupationally	 pertinent	 results	 of	 the	
medical	evaluation
■	 A	 medical	 opinion	 about	 any	 medi-
cal	 condition	 that	 would	 increase	 the	
worker=s	risk	of	impairment	from	expo-
sure	to	airborne	RCFs
■	 Recommendations	 for	 limiting	 the	




■	 A	statement	 to	 indicate	 that	 the	worker	





bearing	 on	 the	worker=s	 ability	 to	work	with	
RCFs	should	not	be	included	in	the	report	to	
the	 employer.	 Safeguards	 to	 protect	 the	 con-

























monitoring	 program	 director	 communicates	
regularly	with	the	employer=s	safety	and	health	
personnel	(such	as	 industrial	hygienists),	em-





9.5 Surveillance of Health 
 Outcomes
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9.6 Smoking Cessation
NIOSH	recognizes	a	synergistic	effect	between	
exposure	 to	RCFs	and	cigarette	 smoking	 that	
increases	the	risk	of	adverse	respiratory	health	
effects.	The	combined	effects	of	smoking	and	
dust	 exposures	 have	 been	 recognized	 as	 con-
tributing	 to	 the	 increased	 risk	 of	 respiratory	
diseases,	including	chronic	bronchitis,	emphy-
sema,	and	lung	cancer.	NIOSH	urges	employ-
ers	 to	 establish	 smoking	 cessation	 programs	
that	 (1)	 inform	 workers	 about	 the	 increased	
hazards	of	cigarette	smoking	and	exposure	to	
RCFs	and	 (2)	provide	 assistance	 and	encour-
agement	for	workers	who	want	to	quit	smok-






■	 Prohibit	 workers	 from	 smoking	 in	 the	
workplace.
■	Disseminate	 information	 about	 health	






■	Use	 training,	 employee	 assistance	 pro-
grams,	or	health	education	campaigns	to	
encourage	 activities	 promoting	 physical	
fitness	 and	 other	 healthy	 lifestyle	 prac-
tices	 that	 affect	 respiratory	 and	 cardio-
vascular	health.




■	 Research	 into	 the	 mechanisms	 for	 hu-
man	fiber	disease
■	 Epidemiologic	 studies	 of	 fiber-exposed	
workers	 for	whom	 limited	or	no	health	
data	exist











including	 in	 vitro	 and	 in	 vivo	 animal	
studies,	to	delineate	the	mechanism	of	
action	for	RCF	toxicity.
2.	 Conduct	 comparable	 studies	 for	 oth-
er	SVFs	and	natural	fibers	 so	 that	 the	
mechanistic	data	can	be	compared.	For	
instance,	Coffin	et	al.	[1992]	examined	









icity	 studies	 share	 a	 consistent,	 stan-
dardized	 approach.	 Such	 studies	 will	







valuable	 data	 on	 their	 mechanism	 of	
action.	 In	vitro	studies	provide	an	ex-
cellent	opportunity	to	investigate	fiber	
toxicity	 factors	 such	 as	 dose,	 dimen-
sion,	 surface	 area,	 and	 physicochemi-
cal	 composition.	 This	 information	 is	
an	important	supplement	to	data	from	
chronic	inhalation	studies.








component	 of	 future	 animal	 toxicol-
ogy	 research	 into	 the	 mechanisms	 of	




5.	 Initiate	 and	 continue	 occupational	
health	 surveillance	 for	 industries	 that	
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RCF	 exposure	 in	 U.S.	 manufactur-
ing	 facilities.	 Continue	 monitoring	
of	airborne	fiber	and	total	particulate	
concentrations	 and	 analyze	 them	 to-
gether	with	 the	health	data	using	epi-
demiologic	 research	 methods.	 Extend	
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APPENDIX A
Air Sampling Methods*
*Reprinted	from	NIOSH	Manual of Analytical Methods (NMAM),	Fourth	Edition,	8/15/94.
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Appendix B
Functional Job Categories 
for RCF Workers
Table B–1 . Functional job categories for RCF workers
Functional 
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Table B–1 (Continued) . Functional job categories for RCF workers
Functional 
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Table B–1 (Continued) . Functional job categories for RCF workers
Functional 










































exposures are not likely to 
parallel those of workers 
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Table B–1 (Continued) . Functional job categories for RCF workers
Functional 
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Appendix C
Cellular and Molecular Effects of RCFs 
(In Vitro Studies)






























The	 cellular	 and	molecular	 effects	 of	RCF	 ex-
posures	 have	 been	 studied	 with	 two	 different	
objectives.	One	purpose	of	these	in	vitro	stud-
ies	 is	 to	provide	 a	 quicker,	 less	 expensive,	 and	
more	 controlled	 alternative	 to	 animal	 toxic-
ity	 testing.	These	 experiments,	which	 strive	 to	






lular	 and	 molecular	 levels.	 These	 cytotoxicity	
and	 genotoxicity	 studies	 are	 best	 interpreted	
by	comparing	the	effects	of	RCFs	with	those	of	
other	SVFs	and	asbestos	fibers.	In	vitro	studies	












Effects	 observed	 in	 the	 cells	 from	organs	 other	
than	the	lung	or	effects	in	species	other	than	the	
human	may	not	be	similar	to	those	elicited	with	
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Indirect	cellular	effects	of	RCFs	involve	the	in-
teraction	of	fibers	with	inflammatory	cells	that	






first	 line	 of	 defense	 against	 inhaled	 material	







diators	 are	 cytokines,	 ROS,	 and	 lipid	media-
tors	 (prostaglandins	 and	 leukotrienes).	 Some	











Either	 direct	 or	 indirect	 effects	 of	 RCFs	may	
result	in	genotoxic	effects	on	pulmonary	target	
cells.	Changes	 in	 the	genetic	material	may	be	







eration	 and	 viability	 and	 indirect	 effects	 via	
release	of	TNF,	ROS,	and	other	inflammatory	




cytotoxicity	 studies	 involving	 the	 release	 of	
mediators.	Table	C–3	summarizes	RCF	geno-
toxic	studies.





effects.	Cell	 viability	 can	 be	 assessed	 through	






indicates	 plasma	membrane	 damage.	 Trypan	
blue	is	a	dye	that	can	only	penetrate	damaged	
cell	membranes.	β-glucuronidase	is	a	lysosom-
al	 enzyme,	 it	 assesses	 lysosomal	 permeability	
and	membrane	viability.	It	may	also	be	released	
when	 alveolar	 macrophages	 are	 activated	 by	
frustrated	 phagocytosis.	 The	 cytotoxic	 effects	
of	RCFs	on	rat	pleural	mesothelial	cells,	por-




phage-like	P388D1	 cells,	 and	human	 alveolar	
epithelial	 cells	 are	 summarized	 in	 Table	 C–1	
and	C–2	and	in	the	text	below.	
Luoto	 et	 al.	 [1997]	 evaluated	 the	 effects	 of	




of	 LDH	 (less	 than	 20%	 of	 control)	 from	 rat	
alveolar	 macrophages	 compared	 with	 quartz	
(approximately	 40%	of	 control)	 [Luoto	 et	 al.	
1997].	RCF1	stimulated	the	lowest	amount	of	
Refractory Ceramic Fibers	 185




	 (approximately	 15%	 of	 con-
trol).	 RCF1,	 RCF2,	 RCF3,	 RCF4,	 MMVF10,	
MMVF11,	 MMVF21,	 and	 MMVF22	 at	 0.5,	
2.5,	 and	 5.0	mg/ml	 induced	 a	 dose-depen-







At	 doses	 of	 100,	 300,	 and	 1,000	 µg/ml	 RCFs	
(unspecified	type),	an	increased	release	of	LDH	










induced	 a	 significant	 increase	 in	 β-glucuroni-
dase	but	much	less	than	that	induced	by	each	of	
the	asbestos	fiber	types.	
In	 the	 permanent	 macrophage-like	 cell	 line	
P388D1,	an	elutriated	ceramic	fiber	(unspeci-
fied	type)	at	10	or	50	µg/ml	after	24	or	48	hr	




All	 other	 fibers	 examined,	 excluding	 short-
fiber	amosite,	 reduced	viability.	Although	 the	
specific	data	on	the	effect	of	exposure	to	fibers	








rat	 pleural	 mesothelial	 cells	 was	 investigated	
[Yegles	 et	 al.	 1995].	 On	 a	 per	 weight	 basis,	
the	 rank	 order	 of	 cytotoxicity	 was	 National	
Institute	 for	 Environmental	 Health	 Sciences	
(NIEHS)	 chrysotile,	 RCF3,	 MMVF10	 and	
RCF1,	Calidria	chrysotile,	RCF4,	and	all	others.	
Based	on	the	total	number	of	fibers,	the	rank	
order	 of	 cytotoxicity	 was	 RCF3,	 MMVF10,	
RCF1,	 RCF4,	 MMVF11,	 NIEHS	 chrysotile,	
amosite,	 and	 all	 others.	 Cytotoxicity	 was	 de-






efficiency	 of	 Chinese	 hamster	 ovary	 cells	 in	
vitro	 [Hart	 et	 al.	 1992].	 The	 inhibition	 was	




toxicity,	 with	 the	 shortest	 fibers	 being	 least	
cytotoxic.	LC
50
s	 for	 the	RCF	ranged	 from	10	
to	30	µg/cm2.	In	each	assay,	the	RCFs	were	less	








ite	were	 significantly	 less	 cytotoxic	 to	human-
hamster	 hybrid	A
L
	 cells	 than	 chrysotile	 as	 de-
termined	by	 the	 surviving	 fraction	of	colonies	
after	fiber	exposure	[Okayasu	et	al.	1999].	RCF1,	
crocidolite	asbestos,	and	MMVF10	at	25	µg/cm2	





bestos.	 In	 contrast,	minimal	necrosis	was	 seen	
at	 25	 µg/cm2	 crocidolite	 asbestos,	 RCF2,	 and	
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MMVF10	fibers	in	hamster	tracheal	epithelial	
cells	at	24	hr;	no	necrosis	was	present	at	72	hr.






tant	 step	 in	 the	 inflammatory	 process.	 These	
cells	 are	 a	 primary	 target	 of	 inhaled	 fibers.	
When	equivalent	doses	(10,	25,	50,	and	100	µg/









ified	 type)	 had	 a	 midrange	 of	 activity	 when	
















lite	 asbestos	 at	 5	 µg/cm2	 altered	 porcine	 aor-
tic	endothelial	cell	morphology	and	increased	







inhibit	 proliferation.	 In	most	 studies,	 the	 ef-
fects	of	RCFs	are	much	less	pronounced	than	
the	 effects	 of	 asbestos	 at	 similar	 gravimetric	
concentrations.	Fiber	length	was	demonstrated	
to	be	an	 important	 factor	 in	determining	 the	
cell	responses	in	many	studies.
C.2 Indirect Effects of RCFs:  
Effects on Inflammatory 
Cells









and	 in	 Table	 C–2,	 have	 investigated	 this	 link	





of	 the	cytokines	most	 commonly	analyzed	 in	
RCF	cytotoxicity	studies	is	TNF.	TNF	has	been	
implicated	in	silica-	and	asbestos-induced	pul-
monary	 fibrosis	 [Piguet	 et	 al.	 1990;	 Lemaire	
and	Ouellet	1996].	TNF	and	many	ILs	are	as-
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[Perkins	 et	al.	 1993].	 In	 vitro	 incubation	 of	
human	 alveolar	 macrophages	 from	 normal	
volunteers	 with	 25	µg/ml	 chrysotile	 asbestos	
resulted	 in	 increased	 levels	 of	TNF	 secretion.	
Alveolar	macrophages	from	6	human	subjects	
occupationally	 exposed	 to	 asbestos	 for	 more	
than	 10	 years	 secreted	 increased	 amounts	 of	
the	 cytokines	TNF,	 IL–6,	PGE
2
,	 and	 IL–1ß	 in	
vitro.	Five	human	subjects	occupationally	ex-
posed	for	 less	than	10	years	did	not	show	in-
creases	 in	 these	 cytokines.	 The	 two	 exposure	
groups	were	matched	for	age,	smoking	history,	






When	 equal	 numbers	 (8.2	 	 106)	 of	 various	
fiber	types,	including	RCF1,	RCF2,	RCF3,	and	
RCF4,	 were	 incubated	 separately	 with	 rat	 al-
veolar	macrophages,	 silicon	 carbide	whiskers,	
amosite,	 and	 crocidolite	 asbestos	 stimulated	





50	 µg/ml	 (1.72	 105	 f)	 significantly	 increased	
TNF	release	compared	with	controls	in	rat	al-
veolar	macrophages	 [Fujino	 et	 al.	 1995].	 Po-
tassium	 octatitanate	 whisker,	 chrysotile,	 and	
crocidolite	asbestos	 induced	the	greatest	TNF	




RCFs,	a	 significant	elevation	occurred	 in	 leu-
kotriene	B
4






.	 Levels	 induced	 at	 lower	 doses	
were	not	different	from	controls.	At	equivalent	
doses,	the	effect	on	the	levels	of	all	mediators	










None	 of	 the	 fibers	 studied	 increased	 TNF	 re-
lease	at	90	minutes.	However,	an	increased	TNF	
bioactivity	 occurred	 after	 4	 hr	 of	 incubation	
with	 chrysotile	 A,	 chrysotile	 B,	 crocidolite,	 or	
MMVF21.	RCF1	at	100	µg/ml	did	not	increase	
TNF	production	under	these	conditions.
Chrysotile	 asbestos	 and	 alumina	 silicate	 ce-
ramic	fibers	increased	in	vitro	alveolar	macro-
phage	TNF	production	in	rats	exposed	to	ciga-




versus	 unexposed	 rats.	 No	 significant	 differ-
ences	were	found	between	groups	at	all	doses	
of	 RCF	 fibers	 tested	 (25,	 50	 and	 100	 µg/ml).	
RCF	 exposure,	 in	 contrast	 to	 chrysotile,	 did	
not	 have	 a	 significant	 synergistic	 effect	 with	
cigarette	smoke	exposure.
In	addition	to	the	cytokines	such	as	TNF,	an-
other	 group	 of	 inflammatory	mediators	 that	
has	been	 studied	 in	vitro	 are	 the	ROS.	These	
mediators,	 also	 referred	 to	 as	 reactive	oxygen	
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tivity	may	be	 involved	 in	 the	pathogenesis	of	
fiber-induced	lung	disease.
The	ability	of	RCFs	to	induce	the	release	of	free	





pig	 alveolar	macrophages	 [Wang	 et	 al.	 1999].	
Both	 superoxide	 anion	 and	 increased	 intra-
cellular	 calcium	are	 associated	with	oxidative	
stress.	Superoxide	anions	may	generate	hydro-
























munoglobulin	 (IgG),	 a	 normal	 component	
of	lung	lining	fluid	[Hill	et	al.	1996].	At	doses	
>100	µg	RCF1,	fibers	coated	with	IgG	induced	
a	 significantly	 increased	 superoxide	anion	re-
lease.	This	supports	the	premise	that	lung	lin-
ing	fluid	 and	other	 substances	 that	fibers	 are	
exposed	 to	 in	vivo	may	 significantly	 alter	 the	
effect	of	fibers	on	cells.	 IgG-coated	 long	fiber	









lial	 cells.	 RCF1,	 amosite	 asbestos,	 and	 silicon	
carbide	produced	a	significant	dose-dependent	
translocation	of	NF-κB	to	the	nucleus;	the	oth-
er	 fibers	 tested	 did	 not.	 Equal	 fiber	 numbers	
were	tested.











C.3 Genotoxic Effects 
of RCFs
In	addition	 to	 research	assessing	 the	cytotox-
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et	 al.1998].	 The	 DNA	 plasmid	 assay	 showed	
only	amosite	asbestos	to	have	free	radical	activ-
ity.	The	salicylate	assay	showed	amosite	as	well	
as	RCF1	 to	have	 free	 radical	 activity.	Coating	
the	fibers	with	lung	surfactant	decreased	their	
hydroxyl	 radical	 generation.	 Differences	 in	
RCF1	results	in	the	two	assays	were	proposed	
to	 be	 a	 result	 of	 increased	 iron	 release	 from	
RCF1	 in	 the	 salicylate	assay.	An	 iron	chelator	
inhibited	 the	RCF	hydroxylation	of	 salicylate.	
RCF4	showed	no	free	radical	activity.
When	 equal	 fiber	 numbers	 were	 compared,	
RCF1,	 RCF2,	 RCF3,	 and	 RCF4	 had	 minimal	
free-	 radical-generating	 activity	 on	 plasmid	
DNA	compared	with	 crocidolite	 and	amosite	
asbestos	 [Gilmour	 et	 al.	 1995].	 RCFs	 and	
other	MMVF	produced	a	 small	but	 insignifi-
cant	 amount	 of	 DNA	 damage.	 This	 damage	




cal	 damage	 to	 plasmid	 DNA	 [Gilmour	 et	 al.	
1997].	 Amosite	 significantly	 upregulated	 the	
transcription	 factors	 AP–1	 and	 NFkB;	 RCF1	
had	a	much	smaller	effect	on	AP–1	upregula-
tion	only.
SVFs,	 including	 ceramic	 fibers	 (unspecified),	
were	reported	to	form	hydroxyl	radicals	based	
on	 the	 formation	 of	 the	 DNA	 adduct	 8-hy-
droxydeoxyguanosine	(8-OH-dG)	from	2-de-
oxyguanosine	 (dG)	 in	 calf	 thymus	DNA	 and	





as	 dimethyl	 sulfoxide,	 decreased	 the	 hydrox-









ar	 abnormalities,	 including	 micronuclei	 and	
polynuclei,	 in	 Chinese	 hamster	 ovary	 cells	
[Hart	et	al.	1992].	Micronuclei	may	form	when	
chromosomes	 or	 fragments	 of	 chromosomes	




33%.	 At	 5	 µg/cm2,	 chrysotile	 and	 crocidolite	
induced	 nuclear	 abnormalities	 of	 49%	 and	
28%,	respectively.
Amosite,	 chrysotile,	 and	 crocidolite	 asbestos,	
and	ceramic	fibers	caused	a	significant	increase	
in	micronuclei	 in	human	amniotic	fluid	 cells	
[Dopp	 et	 al.	 1997].	 The	 response	 was	 dose-
dependent	 with	 asbestos	 fiber	 exposure	 but	
not	 with	 ceramic	 fiber	 exposure.	 Significant	
increases	 in	 chromosomal	 breakage	 and	 hy-
perdiploid	cells	were	noted	after	asbestos	and	
ceramic	fiber	exposure.	
RCF1,	 RCF3,	 and	 RCF4	 did	 not	 induce	 ana-
phase	 aberrations	 in	 rat	 pleural	 mesothelial	
cells	 [Yegles	 et	 al.	 1995].	 Of	 all	 fibers	 tested,	
UICC	chrysotile	was	the	most	genotoxic	on	the	
basis	of	weight,	number	of	fibers	with	a	length	
>4	 µm	 and	 number	 of	 fibers	 corresponding	
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These	 studies	 demonstrate	 that	 RCFs	 may	
share	some	similar	genotoxic	mechanisms	with	






only	 at	 cytotoxic	 concentrations.	 RCFs	 were	
nonmutagenic	in	human-hamster	hybrid	cells.	





toxicity	 of	 fibers	 must	 address	 these	 factors.	
Durability	 is	 difficult	 to	 assess	 using	 in	 vitro	










toxicity	 has	 been	 documented	 and	 reviewed	
[Stanton	et	al.	1977,	1981;	Pott	et	al.	1987;	War-




were	 assessed	 for	 their	 effects	 on	LDH	activ-
ity	and	rat	alveolar	macrophage	function.	The	
greatest	cytotoxicity	was	reported	in	the	17	µm	




fibers,	 <20	µm	 long,	 were	 usually	 phagocy-
tized	 by	 one	 rat	 alveolar	macrophage	 [Luoto	




(17	 µm	 average	 length)	 were	 a	 more	 potent	
inducer	 of	 TNF	 production	 and	 transcrip-
tion	factor	activation	than	shorter	fibers	(7	µm	
average	length)	[Ye	et	al.	1999].	These	studies	
demonstrate	 the	 important	 role	 of	 length	 in	
fiber	toxicity	and	suggest	that	the	capacity	for	
macrophage	phagocytosis	may	be	a	critical	fac-
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not	 between	diameter	 and	 activity.	Wright	 et	
al.	 [1986]	 reported	 that	 cytotoxicity	was	 cor-
related	with	fibers	>8	µm	length.	Yegles	et	al.	
























of	 differences	 in	 fiber	 doses,	 dimensions,	 and	
durabilities.	RCFs	do	appear	to	share	some	sim-
ilar	mechanisms	 of	 action	 with	 asbestos.	 (See	
references	in	Tables	C–1,	C–2,	and	C–3.)	They	
have	similar	direct	and	indirect	effects	on	cells	
and	 alter	 gene	 function	 in	 similar	ways.	 They	
are	 capable	 of	 inducing	 enzyme	 release	 and	
cell	hemolysis.	They	may	decrease	cell	viability	













length	 distribution,	 is	 not	 always	 determined.	








Short-term	 in	 vitro	 studies	 cannot	 take	 into	
account	the	influence	of	fiber	dissolution	and	
fiber	 compositional	 changes	 that	 may	 occur	
over	 time.	 In	 an	 in	 vivo	 exposure,	 fibers	 are	
continually	 modified	 physically,	 chemically,	
and	structurally	by	components	of	the	lung	en-
vironment.	This	 complex	 set	 of	 conditions	 is	
difficult	to	recreate	in	vitro.	Just	as	it	is	unlikely	
that	only	one	factor	will	be	an	accurate	predic-
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